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Abstract 
The purpose of these studies was to characterize bacterial gene expression changes within the 
intercellular plant environment during infection with Pseudomonas syringae pv. tomato DC3000 as 
well as during water stress in culture.  Our goals were to measure gene expression of the 
osmoresponsive proU promoter during early plant infection, and to measure specifically osmotically 
and matrically-induced genes during upshock with NaCl or the nonpermeating compound PEG8000 
which sequesters water, at -1 MPa.  To accomplish our first goal of measuring gene expression in 
planta we employed proU-inaZ and proU-uidA reporter gene fusions, both of which were found to be 
limited due to their dependence for normalization on the recovery of culturable bacterial cells.  To 
overcome this limitation, direct measurement of bacterial RNA transcripts was made using 
quantitative RT-PCR (qRT-PCR).  Use of this technique was predicated on successful extraction of 
sufficient bacterial RNA from infected plant leaves for qRT-PCR analysis.  We developed and 
optimized bacterial RNA extraction from infected plants, and used this RNA in downstream 
expression measurements during an early infection timecourse of 0, 4, 6, and 8 hours after plant 
infection.  We found that levels of osmoresponsive proU, opuC, and asnB transcripts increased in 
infected plants for both pathogenic and avirulent strains, but that water stress-responsive transcripts 
increased more for avirulent bacteria.  This increase was maintained for proU , but opuC and asnB 
transcripts were transiently expressed.  Bacteria respond to water stress in leaves, and this water stress 
may be sustained, as suggested by proU expression.  Due to the nature of the opuC and asnB genes, 
which function in osmoprotectant uptake and synthesis, respectively, they may be transiently 
expressed until osmoadaptation occurs, when the need for additional osmoprotectant compounds 
decreases.  This increased water stress in planta was associated with the timing of the plant cell 
hypersensitive response, induced by the introduction of the avirulence genes avrRpm1 and avrRpt2 
into Col-O, but only by avrRpm1 in the Col-O mutant derivative ndr1-1.  For our second goal, we 
studied in vitro adaptation to low water potential shocks due to osmotic or matric stress using 
microarrays.  We contrasted expression of genes during these two types of water stress and found that 
expression of genes for osmoprotectant uptake and synthesis (OpuC, NAGGN, and Trehalose) were 
induced more by matric stress than osmotic stress.  Water stress has been implicated in plant defense 
against avirulent pathogens, making study of the mechanisms of adaptation and gene expression 
interesting to further knowledge of how water availability changes contribute to plant defenses.
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Chapter 1. Literature Review 
Foliar plant pathogens of plants 
Foliar bacterial pathogens of plants include both vascular and intercellular pathogens.  Many 
intercellular pathogens can colonize the leaf surface despite abiotic challenges, such as extreme UV, 
low water, nutrient limitation, and physical plant barriers such as the leaf cuticle (Beattie and Lindow 
1999).  Intercellular pathogens multiply in the protected intercellular spaces of the plant where they 
can exploit water and nutrient leakage from surrounding plant cells.  To reach these intercellular sites, 
bacteria must enter through natural plant openings, namely stomata and hydrathodes or through 
introduced openings such as plant wounds (Hirano and Upper 2000).  Bacterial pathogens have 
developed mechanisms to evade or suppress plant immunity thus allowing them to multiply and cause 
disease symptoms such as leaf spots, specks, and blights.  Pseudomonas and Xanthomonas are 
common bacterial genera from which foliar pathogens derive (Abramovitch et al. 2006; Hirano and 
Upper 2000).   
The Pseudomonaceae have a wide host range and are able to infect a number of different plants.  
Pseudomonas syringae pv. tomato (Pst) DC3000 is among the most extensively studied foliar 
bacterial pathogens (Quirino and Bent 2003).   It is gram-negative and a member of the γ-
proteobacteria (Gupta 2000).  Pst is pathogenic on tomato and Arabidopsis thaliana, causing bacterial 
speck (Whalen et al. 1991) and necrotic lesions haloed with chlorosis (Hirano and Upper 2000), 
respectively.  Factors that make the Pst-Arabidopsis pathosystem, in particular, ideal for study 
include that the genome of the pathogen and host are fully sequenced and genetically tractable, which 
allows exploration of the molecular basis of plant-pathogen interactions.   
Plant defenses and the bacterial type III secretion system 
Plants have a basic level of defenses against all bacterial cells; these are known as basal defenses.  
Plant receptors recognize conserved microbe-associated molecular proteins (MAMPs), such as 
flagellin, lipopolysaccharides, and elongation factor Tu (EF-Tu), which are generic bacterial 
characteristics that are not easily lost or modified by the bacterial cell (Felix et al. 1999; Jones and 
Takemoto 2004; Jones and Dangl 2006).  Recognition of these MAMPs can result in increased 
callose deposition to strengthen the cell wall (Thilmony et al. 2006) as well as stomate closure 
(Melotto et al. 2006), potentially preventing further entry by bacteria into the apoplastic space. 
2 
 
Plant defense signaling can involve plant hormones, which tailor defense responses to resist 
microbial invaders.  The main hormones involved in plant defense signaling are salicylic acid (SA), 
jasmonic acid (JA), and ethylene (ET).  Salicylic acid is needed to resist biotrophic and 
hemibiotrophic pathogens, which include bacteria and fungi that exploit the living plant cell.  SA also 
plays an important role in establishing systemic acquired resistance (SAR), the process by which 
plants that have encountered a microbial infection in one area establish broad-spectrum resistance to 
disease throughout the plant, preventing disease in all regions of the plant (Grant and Lamb 2006).  In 
contrast, JA and ET contribute to necrotrophic pathogen resistance (Glazebrook 2005) and are 
produced in response to plant wounding and herbivory.  This hormone production can result in 
transcriptional reprogramming that induces expression of defense-related proteins (Farmer et al. 
2003; Liechti and Boland 2002).  In addition, abscisic acid (ABA) increases rapidly during P. 
syringae colonization and if exogenously applied can  increase plant susceptibility (Torres-Zabala et 
al. 2007).  ABA is involved in plant responses to abiotic stresses such as drought, salt, and cold, as 
well as seed germination and plant growth (Nambara and Marion-Poll 2005; Seo and Koshiba 2002). 
During plant infection, detection of bacterial cell MAMPs can result in plant hormone changes. 
MAMP-induced ABA and SA-dependent stomatal closure can be overcome by coronatine, a 
bacterially-produced JA mimic that suppresses SA mediated defenses and induces stomatal opening 
(Melotto et al. 2006).  Control of stomatal access is not only important for initial establishment of 
infection, but may also play a role in the water dynamics of the interior of the leaf, allowing drying of 
the apoplastic space to restrict the water available to microbial cells water during incompatible 
interactions (in print, Freeman and Beattie).  Coronatine alters expression of hundreds of plant genes 
and has been shown to induce systemic susceptibility to bacterial pathogens (Abramovitch et al. 
2003). 
Successful plant pathogens circumvent basal defenses with effector proteins that are injected 
directly into the host plant cell via a type III secretion system (TTSS).  These effectors may promote 
virulence by interfering with plant defense activation signals and proteins, or conversely, may act to 
trigger plant defenses in a gene-for-gene manner (Nimchuk et al. 2003) if a specific plant R protein is 
present and able to recognize the bacterial Avr effector.  Known functions of bacterial effectors in the 
plant cell include effects that promote virulence, such as suppression of plant cell wall defenses like 
callose deposition (Nomura et al. 2005) and pathogenesis-related (PR) proteins, and the promotion of 
nutrient release.  However effector recognition is also the basis for the incompatible response, in 
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which bacterial effector-triggered immunity results in disease resistance by the plant and restriction of 
further bacterial growth with concurrent plant programmed cell death induction around the infection 
site, also known as the hypersensitive response (HR) (Abramovitch and Martin 2004; Greenberg and 
Vinatzer 2003; Jones and Dangl 2006).   The timing as well as the magnitude of defense response 
induction has been proposed to influence the disease outcome of compatible versus incompatible 
interactions (Tao et al. 2003). 
The plant hypersensitive response 
Initiation of the HR requires a P. syringae trigger, namely the direct or indirect recognition of a 
bacterial effector by a plant resistance (R) gene.  For example, the effectors AvrRpm1 and AvrB 
interact with the Arabidopsis RPM1 protein, but AvrRpt2 interacts with the Arabidopsis RPS2 
protein.  Both interactions can trigger HR (Bent et al. 1994; Grant et al. 1995).  Another Arabidopsis 
protein, RPM1 Interacting Protein 4 (RIN4), plays an important role in surveilling for these effectors.  
RIN4 is phosphorylated upon interaction with either bacterial AvrB or AvrRpm1 resulting in 
inactivation of the plant RPM1 protein.  AvrRpt2 also interacts with RIN4, but the result is 
proteolytic degradation of the protein, which results in activation of RPS2-mediated plant resistance 
(Coaker et al. 2005).  RIN4, also interacts with other plant proteins in the cell:  an interaction between 
RIN4 and the cytoplasmic located N-terminus of NDR1 is required for a response to AvrRpt2-
expressing bacteria (Day et al. 2006).  The need for NDR1 during resistance signaling has been 
shown previously in several studies (Belkhadir et al. 2004; Century et al. 1995; Century et al. 1997; 
Coppinger et al. 2004).  
Events that occur in association with the HR include PR protein accumulation, phytoalexin 
production, oxidative burst, ion fluxes (e.g., Ca2+ influx, H+ influx, and K+ efflux), and cell wall 
strengthening  (Dixon and Lamb 1990; Lamb et al. 1989; Mur et al. 2008).  Plant cells undergoing the 
HR share similarities to animal cells undergoing apoptosis; these include cytoplasmic shrinkage, 
chromatin condensation, loss of the difference in membrane potential, cytochrome c release, and 
cysteine protease activation (Mur et al. 2008).  Ultimately, the HR typically culminates in localized 
plant cell death and the restricted growth and spread of the invading pathogen.     
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Arabidopsis ndr1-1 mutant plants 
The response of an Arabidopsis mutant, ndr1-1, to P. syringae demonstrates that the HR is not 
absolutely required for effective defense of Arabidopsis against P. syringae.  The  Arabidopsis ndr1-1 
mutant exhibits an exaggerated hypersensitive response to AvrB, AvrRpm1, or AvrPphB but can still 
support bacterial growth to high densities (Century et al. 1995; Century et al. 1997), indicating that 
HR and bacterial growth restriction are separable events.  NDR1 refers to “non-race specific disease 
resistance protein” due to its role in responding to multiple effectors (and thus multiple P. syringae 
races) involved in disease resistance, the HR, and SAR.  ndr1-1 plants are impaired in SAR induction 
and PR gene expression in response to AvrRpt2 (Shapiro and Zhang 2001). NDR1 encodes a putative 
integral membrane protein that is small and basic (Century et al. 1997).  Mutation of this protein 
blocks ROS-dependent accumulation of SA (Shapiro and Zhang 2001).  ndr1-1 plants also differ from 
the wild-type Arabidopsis plants , ecotype Columbia (Col-0), in their H2O2 accumulation in response 
to AvrRpt2.  Specifically, when challenged with AvrRpt2, wild-type plants accumulate H2O2 by 7 
hpi, whereas ndr1-1 plants do not accumulate detectable levels of H2O2 (Shapiro and Zhang 2001).  In 
this thesis, wild-type and ndr1-1 mutant plants are used as model pathosystems that exhibit distinct 
kinetics and levels of severity in their development of an HR in response to avrRpm1-and avrRpt2- 
expressing P. syringae cells.   
Measurement of water potential in the plant apoplast during compatible and 
incompatible  interactions using an osmoresponsive gene fusion 
One unresolved question in plant-bacterial interactions is how the plant defense responses 
detrimentally affect the bacterial growth.  Plant cells can deter pathogen growth by using preformed 
antimicrobials, reactive oxygen species, and reinforcement of the plant cell wall  (Abramovitch and 
Martin 2004).  In addition, previous studies have suggested that bacteria may encounter intercellular 
water levels in planta that are low enough to reduce or halt bacterial growth (Wright and Beattie 
2004). 
Water availability measurements on a microscale have been examined in the apoplastic 
environment using a whole-cell bacterial biosensor consisting of the E. coli proU promoter fused to 
an ice nucleation reporter gene (inaZ) on a plasmid called pPProIce (shortened to pPI for this thesis)  
(Axtell and Beattie 2002).  PproU  natively functions as part of a high-affinity osmoresponsive glycine 
betaine uptake system that is made up of the genes proV, proW, and proX (Ramirez and Villarejo 
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1991).  This system is responsive to both osmotic (solute) and matric (drying) stress, but not to ion 
toxicity or oxidative stress (Axtell and Beattie 2002).  PproU  is quickly induced by water stress and 
maintains expression as long as the water stress is applied, making it ideal for water potential 
measurement (Axtell and Beattie 2002).  The InaZ reporter protein is an outer membrane protein that 
forms aggregates which can promote the alignment of water molecules and thus freezing of water 
(Warren et al. 1986).  Ice nucleation events can then be measured by a droplet freezing assay (Vali 
1995) to determine promoter activity.  Prior work using this system determined that avirulent, but not 
virulent, populations of bacterial cells are exposed to water potentials low enough to restrict bacterial 
growth in vitro.  For example, 48h after inoculation, P. syringae cells expressing avrRpt2 sensed 
apoplastic water potentials of  -1.6 to -1.9 MPa, and cells expressing avrRpm1 sensed water potentials 
as low as -2.2 MPa (Wright and Beattie 2004).  Thus, proU-inaZ activity indicated that during the 
plant defense response, available water in the apoplast was decreased specifically during avirulent 
bacterial infection.  This highlights a potential role for water restriction in bacterial growth control. 
Bacterial responses to low water potentials 
There are two basic models that seek to explain how bacterial cells may sense water stress.  The 
first model is the turgor control model.  This model proposes that the signal for increased osmolarity 
is the loss of turgor due to the efflux of water after osmotic upshift (Booth and Higgins 1990; 
Overdier 1990).  In response to the loss of turgor, the cell increases K+ uptake, and this increased K+ 
serves as a second messenger to induce osmotic stress responses.  In contrast, the second model, the 
ionic strength model, proposes that increased ionic concentration in the cytoplasm is the signal to 
activate osmotic responses (Poolman et al. 2002).  Macromolecular crowding due to plasmolysis 
could also play a role in sensing increased intracellular ionic strength (Csonka and Hanson 1991).  
Increasing external osmolarity promotes the loss of water from the bacterial cell, which disturbs 
cellular functions and makes it necessary for the bacteria to actively balance the osmolarity inside and 
outside of the cell.  The first response in the gram-negative model organism E. coli is to uptake K+ 
(Epstein 1986)  and counter-balance this increase in K+ ions with glutamate.  After the initial osmotic 
shock, bacteria actively accumulate compatible solutes by uptake or de novo synthesis; these solutes 
are compounds that do not interfere with cellular processes and may be accumulated to high amounts 
to balance the osmolarity of the cell with outside conditions, preventing water loss (Sleator and Hill 
2002).  Pseudomonas aeruginosa (D'Souza-Ault et al. 1993) as well as P. syringae (Chen and Beattie, 
unpublished) have been shown to accumulate glutamate, N -acetylglutaminylglutamine amide 
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(NAGGN), and trehalose as compatible solutes when exposed to osmotic stress  and microarray 
analysis of P. aeruginosa after osmotic upshock has confirmed upregulation in biosynthetic pathways 
for these compounds (Aspedon et al. 2006).  
The uptake of compounds that provide osmoprotective benefit requires less energy than 
compatible solute synthesis.  Compounds that can provide osmoprotection to P. syringae include 
choline, glycine betaine, carnitine, acetyl-choline, phosphorylcholine and glutamate (Chen and 
Beattie 2007).  Interestingly, although choline must be converted glycine betaine in the cell to be a 
useful osmoprotectant (Styrvold et al. 1986), P. syringae derives greater protection from exogenous 
choline than from glycine betaine (Chen and Beattie 2008).  This is because P. syringae has 
transporters that collectively transport much higher levels of choline than glycine betaine.  Thus, 
during its interactions with plants, P. syringae likely produces functional transporters that promote the 
uptake of osmoprotective compounds, and particularly choline, if they are available when exposed to 
osmotic stress.  Recently P. syringae pv. tomato DC3000 was shown to produce three transporters for 
osmoprotectant uptake: OpuC, BetT, and BccXYW (Chen and Beattie 2007,2008).   
Matric and osmotic water stress 
Water availability is measured as water potential (Ψ), a measure of the free energy of water 
relative to a reference of pure water.  Water potential is comprised of at least two components, the 
osmotic potential (Ψπ) due to dissolved solutes in the water, and the matric potential (Ψm) due to the 
effects of adsorption to a matrix and capillary effects (Papendick and Campbell 1981).  For the 
bacterial cell, both of these effects can result in sequestration of water, changing the water potential 
outside of the cell and necessitating bacterial adjustment to achieve internal balance with the outside 
conditions.   
Examination of bacterial gene expression in P. aeruginosa PA14 using microarray analysis 
(Aspedon et al. 2006) of osmotically stressed cells revealed induced genes related to Type III 
secretion, an osmotically inducible protein OsmC, and some posttranslational modification genes, 
including a putative protease.  Metabolic genes likely involved in trehalose and NAGGN synthesis 
were induced.  A bacterioferritin was induced.  A chaperone and probable chaperone were induced.  
A great number of regulatory genes, including mucAB, algBRU, phoPQ, and many probable 
transcriptional regulators were induced or repressed.  Conserved PA2146 was highly induced.  
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Catalase (catE), osmotically inducible lipoprotein (osmE), and a DNA binding stress protein 
(PA0962) were all induced  during osmotic upshock of PA14 (Aspedon et al. 2006). 
In contrast, extracytoplasmic Pseudomonas putida mt-2 genes that exhibited altered regulation in 
response to matric stress were identified by a reporter-fusion with alkaline phosphatase (phoA).  
These induced genes were referred to as water deprivation controlled (wdc) genes .  Matric stress, 
induced by cellular exposure to polyethylene glycol MW 8000 (PEG8000), induced the outer 
membrane porin OprF (wdc106) a conserved Pseudomonas gene which plays a role in maintaining 
cell shape (Ullstrom et al. 1991; Woodruff and Hancock 1989).  A second porin, wdc228, was also 
induced more by matric stress than osmotic stress.  Transport genes induced more by matric stress 
included a gene for a probable maltose transporter (wdc159), a dipeptide ABC transporter (wdc206), 
and an aromatic acid transporter (wdc228).  In addition to transport genes, several potential 
chaperones were induced more by the matric than by osmotic stress.  These were a DnaJ-family 
chaperone (wdc175), and a protein cis-trans isomerase (flklB-2).  The alginate gene algA was induced, 
indicating that alginate production is increased during matric stress.  Genes for motility, fliC and flgE, 
were repressed (van de Mortel and Halverson 2004) 
Methods of direct measurement of mRNA transcripts 
Evaluating the expression of individual genes, such as E. coli proU when expressed in P. 
syringae, has provided a powerful tool for evaluating the water availability conditions sensed by 
bacteria during plant colonization.  Thus far, reporter gene fusions have been the only tool used 
successfully to evaluate the expression of bacterial genes during in planta colonization.  Such reporter 
gene fusions pose some challenges and limitations, which will be explored in this thesis.  
Complementary methods to reporter gene fusions for characterizing bacterial gene expression in 
planta include real-time reverse-transcription (RT)-PCR, Northern blotting (Princivalle et al. 2005),  
and RNase protection assays (Hod 1992; Saccomanno et al. 1992), although these also present 
challenges in the form of RNA recovery, normalization to bacterial cell number and adaptation for 
high-throughput analyses.    
Quantitative RT-PCR (qRT-PCR) has the advantages that it does not require a large amount of 
mRNA, can be adapted easily to analyze multiple targets, and most importantly, can be used in a 
quantitative manner to determine comparative gene expression across samples.  qRT-PCR analysis 
requires that mRNA samples be converted to cDNA using a reverse transcriptase enzyme, then 
8 
 
amplified using a polymerase, and these steps can be done either in sequential reactions (two-step 
qRT-PCR), or in the same reaction (one-step qRT-PCR) with distinct primers.  Real-time 
fluorescence measurements are taken as the reaction proceeds.  The quantity of original template is 
determined based on a crossing threshold (Ct) that is set within the log-linear range of amplification.  
Various labeling methods such as TaqMan, molecular beacons, Lux, and Scorpions are available 
(Sharkey et al. 2004); however, the intercalating dye SYBR Green I is commonly used due to its 
robust fluorescence when bound to dsDNA (Schneeberger et al. 1995).  Unbound dye has no 
detectable fluorescence, but as dsDNA PCR product accumulates, the dye is bound and the 
fluorescence increases (Bengtsson et al. 2003; Lekanne Deprez et al. 2002).  The use of SYBR Green 
I does not require complicated probe design, as do many of the other labeling methods, since binds 
non-specifically and is suitable for detection of any target.  The specificity of the amplification 
reaction for the target product can be evaluated using a melting curve analysis (Sharkey et al. 2004; 
VanGuilder et al. 2008). 
Thesis organization 
This thesis expands on a previous reported study that showed that Pseudomonas syringae pv. 
syringae DC3000 is exposed to water stress during plant colonization using proU-inaZ fusion-
containing cells to measure water availability.  Chapter 2 describes how efforts to employ this 
reporter gene fusion for an expanded analysis of this phenomenon resulted in identification of 
limitations to reporter gene fusion technology, thus necessitating exploring other techniques to 
monitor gene expression in planta.  Chapter 3 describes a whole genome transcriptome analysis 
aimed at identifying DC3000 gene targets that can discriminate cellular exposure to osmotic from 
cellular exposure to matric stress.  Such targets, however, were not found.  Chapter 4 describes the 
successful development of a protocol for recovering sufficient bacterial RNA from DC3000-infected 
Arabidopsis thaliana plants to monitor the expression of target genes using one-step and two-step 
qRT-PCR.  Lastly, Chapter 5 describes the application of this protocol to characterize the gene 
expression of heterologous proU-inaZ fusion and several endogenous DC3000 genes related to water 
stress adaptation and pathogenicity during the early hours following infection.  These results both 
confirm that DC3000 is exposed to water stress during incompatible interactions with plants and 
expand this knowledge to indicate that exposure occurs in the first 4 to 6 hours following infection.  
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Chapter 2. Limitations to the use of transcriptional fusion-based bacterial 
biosensors for detecting bacterial exposure to low water potentials in planta 
Introduction 
Pseudomonas syringae pv. tomato DC3000 causes bacterial speck on tomato resulting in 
reduction of plant productivity, as well as causes disease on the model plant species Arabidopsis 
thaliana.  During a compatible response, a pathogen is able to successfully colonize the host plant, 
accessing enough water and nutrients to multiply to high numbers.  In contrast, during an 
incompatible, or resistant, response, plant defenses are activated in a gene-for-gene manner involving 
bacterial effector genes and plant resistance genes; activation of these defenses, results in bacterial 
growth restriction and the hypersensitive response, a rapid plant programmed cell death.  One 
potentially interesting contributor to these plant defenses is the ability of the plant to selectively 
restrict water availability to an invading incompatible pathogen (Wright and Beattie 2004). 
Measurement of the water available to bacteria in the apoplastic space is challenging due to the 
small scale of the area.  One approach that has been taken for measurement of water on this small 
scale during plant infection is to use a water potential-responsive bacterial biosensor capable of 
responding to changes in water availability (Axtell and Beattie 2002).   A fusion of the 
osmoresponsive Escherichia  coli  proU promoter and an ice nucleation reporter gene inaZ was used 
to measure apoplastic water potential during compatible and incompatible interactions and showed 
that a bacterial pathogen experienced greater water stress during an incompatible than during a 
compatible interaction when measured at 48 hours after inoculation (Wright and Beattie 2004).   
Our objective in this study was to evaluate if the proU-inaZ-based biosensor provided accurate 
estimates of the water potential sensed by P. syringae during plant infection.  The successful use of a 
transcriptional-fusion based bioreporter to reflect quantitative levels of water stress requires a 
quantitative response of the promoter to the inducer, sufficient mRNA stability to ensure translation 
of the fusion transcript, efficient translation, and proper folding, assembly and cellular localization of 
the reporter protein under the environmental conditions tested, as well as accurate detection of protein 
activity on a per cell or mass basis.  The quantitative response of the proU promoter to water potential 
has been verified in several previous studies (Axtell and Beattie 2002; Cairney et al. 1985; Wright 
and Beattie 2004).  Here we evaluated the limit of sensitivity of the proU-inaZ-based bioreporters and 
the potential influence of cell culturability and environmental conditions on the estimates that these 
biosensors provided of water potential in planta.  
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Materials and methods 
Bacterial strains media and growth conditions 
Pseudomonas syringae pv. tomato (Moore et al. 1989) was used in this study, as were the 
plasmids shown in Table 1.  Bacterial cells were cultured on King’s B (KB) medium (King et al. 
1954) for general cultivation and the low-osmolar K medium (Gowrishankar 1985; Kennedy 1982) 
for induction studies.  Antibiotics were added to the medium at the following concentrations (μg/ml): 
rifampin (Rif), 50; kanamycin (Km), 50; and tetracycline (Tet), 20.  For evaluating gene induction in 
vitro, cells were cultured for 48 h at 28 °C on solid KB medium followed by subculture on K agar for 
48 h at 24 °C and then growth in K broth for 16 h at 24 °C.  Log-phase cells were collected by 
centrifugation and resuspended to a final density of 1 x 108 cells/ml in K medium amended with NaCl 
to achieve various osmotic stress levels.  Cells were incubated for 2 h at 24 °C, with shaking, and then 
gene expression was measured using the ice nucleation assay, described below.     
Isogenic plasmid construction 
The avrRpm1 and avrRpt2 bacterial effector genes from the plasmids pK48-8 and pLH12 were 
PCR-amplified to make an 846-bp avrRpm1 (AvrRpm1Fw 5’- CATCGATGTAGATTTGTGATGG-
ACGCAGGC-3’ and AvrRpm1Rv 5’- CATCGATGAAAACCTTACCTCCCTGGCAAG-3’) 
fragment and a 1,454-bp avrRpt2 (AvrRpt2Fw 5’- CGAGTAGTCCATTTGAGAGCAGTC-3’ and 
AvrRpt2Rv 5’- GTGATCCTCTTCTGCGAGTATCAG-3’) fragment.  These fragments wer AT-
cloned into pGEM T-Easy.  The resulting plasmids were digested using ClaI to release avrRpm1- and 
avrRpt2-containing fragments.  These fragments were inserted into the ClaI site of the pPI (pPI) 
reporter plasmid, forming pPI-AvrRpm1 (pPI-avrRpm1) and pPI-AvrRpt2 (pPI-avrRpt2).  To capture 
more of the region upstream of avrRpt2, we amplified a 1,143-bp fragment from pLH12 using 
previously identified primers (Guttman and Greenberg 2001) for insertion into the ClaI site of the pPI 
reporter plasmid.  This fragment, although shorter, contained more upstream sequence and was 
digested with EcoRI.  The EcoRI-digested avrRpt2 fragment and the ClaI digested pPI were both 
blunted using T4 DNA polymerase (New England Biolabs, Ipswich, MA), purified using column 
purification, and subjected to blunt ligation to form the plasmid pPI-avrRpt2-2.   
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Table 1.  Plasmids used in this study 
Plasmid  Description Reference 
pGEM T-Easy 3,015-bp AT cloning vector with MCS, AmpR Promega 
pPProIce  pProbeKI' (Miller et al. 2000) with 612 bp EcoRI-
BamH1 proU promoter fragment from pOSEX4 
(Herbst et al. 1994) fused to inaZ, KmR  
(Wright and Beattie 2004) 
pK48-8 pLAFR3(Keen et al. 1988) with 8-kb BamHI 
fragment containing avrRpm1, TcR 
(Debener et al. 1991) 
pLH12 pLAFR3 (Keen et al. 1988) with 1.4-kb SalI 
fragment containing avrRpt2, TcR 
(Whalen et al. 1991) 
pPProIce-avrRpm1 pPProIce with 846-bp avrRpm1 fragment amplified 
from pK48-8 in the ClaI site, KmR 
This study 
pPProIce-avrRpt2  pPProIce with 1,454-bp avrRpt2 fragment 
amplified from pLH12 and inserted into the ClaI 
site, KmR 
This study 
pPProIce-avrRpt2-2 pPProIce with 1,143-bp avrRpt2 fragment 
amplified from pLH12 and inserted into the blunted 
ClaI site, KmR 
This study 
pFProGUS pFAJ1701 (Dombrecht et al. 2001) with 612-bp 
EcoRI-BamHI proU promoter fragment cut from 
pOSEX4, RifR TetR 
This study 
pFNptGUS pFAJ1701 with a KpnI-BamHI nptII promoter 
fragment cut from pBlue-NptII,  RifR TetR 
This study 
pFProGUS-avrRpm1 pFProGUS with 846-bp PCR fragment containing 
avrRpm1 from pK48-8 at NotI site 
This study 
pFProGUS-avrRpt2 pFProGUS with 1,454-bp PCR fragment containing 
‘avrRpt2 from pLH12 at NotI site; this avrRpt2 
lacks sufficient upstream sequence to support 
avrRpt2 expression 
This study 
Bacterial inoculation and recovery from plants 
To evaluate in planta gene expression, P. syringae pv. tomato DC3000 was grown for 48 h on 
KB agar, subcultured for 48 h on K agar, and then individual colonies were suspended in 10 mM 
MgSO4 to densities of  107-108 cells/ml.  Bacterial inocula were amended with Silwet L-77 surfactant 
(OSi Specialties Inc.) to a final concentration of 0.02%, and vacuum infiltrated into Arabiodopsis 
thaliana ecotype Col-0 (Lehle Seeds, Round Rock, TX) or its mutant derivative ndr1-1 (Arabidopsis 
Biological Resource Center, Ohio State University, Columbus, Ohio) for 5 min at 20 mmHg.  
Infected plants were placed in a plant growth chamber with a light/dark cycle of 10h/14h at 24 °C and 
50-60% relative humidity (RH).  At various times 1-2 infected leaves were collected, crushed 
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manually in 200 μl of 10 mM MgSO4 in a 1.7-ml Eppendorf tube with a small pestle (Fisher Kontes 
Pellet Pestle, Fisher Scientific, Pittsburgh, PA) and diluted for evaluation of ice nucleation activity for 
the proU-inaZ containing strains and β-glucuronidase activity for the proU-uidA containing strains, as 
described below.   
 Evaluation of the effect of a 4 °C incubation on activity of pre-formed InaZ protein 
Bacterial cells were cultured for 48 h at 28 °C on KB agar then subcultured on K agar for 48 h at 
24 °C followed by growth in K broth for 16 h at 24 °C.  Bacterial cells were centrifuged, resuspended 
to a final density of 1 x 106 cells/ml in K broth, then exposed to basal- or NaCl-amended medium 
(100 mM) for 2 h.  The ice nucleation activity (INA) of the cultures was measured before and after a 
15-min incubation at 4 °C.  To evaluate if ice nucleation proteins were produced during the 4 °C 
incubation, a replicate culture containing chloramphenicol (100μg/ml final concentration) was 
measured.   
Ice nucleation assay 
Bacterial ice nucleation levels were measured using an ice nucleation assay.  Cells were serially 
diluted in K medium.  Three 10-μl drops  of each dilution were evaluated for freezing by placing 
them on a paraffin-sprayed foil surface floating on a -7.5 °C supercooled ethanol bath.  After 2 min, 
freezing events were counted, and the dilution at which some, but not all, of the test drops froze was 
selected. Forty drops of this dilution were similarly evaluated for freezing to determine the levels of 
active ice nuclei.  INA was then calculated using the method of Vali (Vali 1995), which normalizes 
the number of active ice nuclei to the number of bacterial cells as determined by plate counts of serial 
cell dilutions using the formula:  INA = (ice nuclei/ml)/(bacteria/ml) where ice nuclei / ml is 
calculated as ln (No/(No-Nf)/V x 1/D with No= total number of drops tested (in this case 40), Nf= the 
number of drops from that dilution that froze, V= volume of the droplets tested (e.g., 10 ul), and D = 
dilution from the original culture that was used (e.g., 10-5).  Ice nucleation and ice protein levels are 
typically linearly related, thus the square of INA indicates the relative gene activity; that is, a 100-fold 
increase in INA corresponds to a 10-fold increase in gene activity. 
β-glucuronidase (GUS) activity assay  
Bacterial β-glucuronidase reporter enzyme levels were measured using a GUS activity assay.  β-
glucuronidase can cleave the substrate 4-methylumbelliferyl-β-D-glucuronide hydrate (MUG, Sigma 
Aldrich, St. Louis, MO) to produce the fluorescent product 4-methylumbelliferone (MU), which can 
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be quantified using a fluorometer set to λex = 360 nm and λem = 440 nm.  The amount of fluorescent 
product depends on both the concentration of enzyme and the incubation time.  For samples measured 
in test tubes, bacterial cell concentrations were adjusted to 108 cells / ml in 0.5 ml of K medium 
amended with NaCl and were incubated for 2 h at 28 °C with shaking.  The temperature was 
increased to 37 °C, the optimal temperature for β-glucuronidase activity, and an equal volume (0.5 
mL) of 2X GUSX extraction buffer containing MUG was added (GUSX:  0.1 M NaHPO4  pH7, 
0.0014 %  β-mercaptoethanol, 0.02 M Na2EDTA pH 8, 0.002% Sarkosyl, 0.002% Triton X-100, and 
2 mM MUG).  Because MUG is photodegradable and slowly hydrolyzes over time, even when 
protected from light, the MUG solution was made fresh for each assay.  Aliquots of 0.1 ml were 
transferred into 1.9 ml of 0.2M Na2CO3 stop buffer to give maximal MU fluorescence at several time 
points.  The rate of fluorescence increase, and thus GUS activity for each sample, was determined per 
cell, and the cell number was determined by plate counts.  The minimum detectable level of 
hydrolyzed MU is 2 pmoles, and MU product is most fluorescent when the hydroxyl is ionized, which 
was ensured by dilution in 0.2M Na2CO3 before measurement.  Tubes were wrapped in foil as they 
were collected and measured using the fluorometer (Model FM109515, Sequoia Turner Corp 
Dubuque IA) with the NB 360 40-nM bandpass narrow-band excitation filter and the SC415 short-cut 
emission filter.     
Bacterial cell concentrations used for the GUS assay ranged from 104 to 107 cells/ml with water 
potentials of -0.7 to -2.0 MPa, imposed by NaCl amendment, for 30 min at 28 °C with shaking.  
Aliquots of 0.1 ml were taken during a 0 to 45-min time course (0, 5, 10, 15, 30, 45 min) and diluted 
into 0.9 ml of 0.2 M Na2CO3 stop buffer.  The final number of cells per measurement ranged from 2.5 
x 103 to 2.5 x 105.  The rate of fluorescence increase over time was determined. 
The GUS assay was also adapted for use in microtiter plates.  Cell cultures of 108 cells/ml in K 
medium were exposed to water potentials of 0, -0.5, -0.9, and -1.4 MPa, imposed by NaCl 
amendment, for 0, 2, 4, and 8 h at 28 °C.  At the various time points, aliquots containing 5 x 106 cells 
were  incubated with MUG (2 mM final concentration) in 2X GUSX at 37 °C for 30, 60, 90, and 120 
min.  Plate fluorescence was read using the Fluoroxax2 fluorometer with a Micromax plate reader 
(Model FLMAX-2 with MICROMAX, Jobin Yvon-Spex Instruments, S.A. Inc. Edison, N.J.) set to 
λex = 365 nm and λem = 455 nm.  Further dilutions were made in stop buffer to ensure that readings 
were not taken above the lamp saturation limit of 4 x 106 relative fluorescence units (RFU).  All cells 
were enumerated on KB medium containing Rif and Tet. 
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Results 
Pre-formed ice nuclei contributed to high background nucleation in reporter cells grown on 
King’s B medium 
The proU promoter, which is sensitive to osmotic conditions, was induced in cells grown in KB 
medium, which has a water potential of approximately -1 MPa.  Because the ice nucleation assay is 
capable of detecting ice nuclei levels as low as one in 108 cells, any carryover of ice nucleation active 
cells from the solid KB medium during subculturing in the low-osmolar K medium could potentially 
contribute to background INA levels in these cells.  We observed this carryover based on the higher 
log(INA) values of cells exposed to 0 MPa when transferred from KB medium with little dilution (Fig 
1A) as compared to when grown only on K medium or with at least two successive transfers on K 
medium (Fig 1B).   
 
Figure 1.  Ice nucleation background of cells grown on KB agar followed by a single subculture on K 
agar (A) and cells either grown only on K medium or with at least two subcultures on K medium agar 
or in K broth (B).  Bacterial cells were exposed to water stress for 2 h in K medium with shaking at 
24 °C.  Note that the background at 0 MPa was about 2 log units higher when carryover from KB 
plates occurred.  Measurements from six separate experiments are shown, three in Figure 1A and 
three in Figure 1B.  Two of the three experiments in Figure 1B were from plate exposed cells, which 
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is most similar to results previously published (Wright and Beattie 2004), and one is from liquid 
grown cells.  Each value represents an independently exposed culture. 
Thus, we found that cultivation of stock cultures only on low-osmolar K medium plates or with at 
least two sequential transfers in K medium after cultivation on KB agar was sufficient to consistently 
provide a low background (Figure 1B).  Even after many hours in basal medium amended with 
various with NaCl concentrations, DC3000 (pPI) exhibited a high background ice nucleation ability, 
as measured at 0 MPa, in cells that were not diluted multiple times on low-osmolar medium (Figure 
2).  This indicates that although ice nucleation is very sensitive to osmotic change, ice nuclei are long-
lasting and durable, and thus background ice nucleation can hinder accurately estimating water 
potentials at low levels of osmotic stress.  To minimize the background interference of pre-existing 
bacterial ice nuclei, all subsequent studies employed at least two sequential transfers on K medium 
during inoculum preparation. 
 
Figure 2.  Relationship between ice nucleation activity of DC3000 (pPI) and water potential after (A) 
4 h and (B) 6 h of exposure to NaCl.  Cells were grown as described in Figure 1A.  Note that even 
after extended time in the low-osmolar medium the background nucleation ability as measured at 0 
MPa was high. 
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Water potentials lower than -1.5 MPa were not measurable due to sensitivity limitations of the 
ice nucleation reporter fusion 
When DC3000 (pPI) cells were exposed to osmotic stress in vitro, the proU-inaZ fusion exhibited 
an increase in expression as the water potential decreased from -0.5 to -1.5 MPa (Figure 1), with this 
increase being linear when the data from individual experiments are examined.  Among the linear 
regressions performed, the best linear fit from an individual experiment was y = -4.30x - 6.78 (R2 = 
0.96).  A linear regression on the pooled data yielded the relationship y = -3.38x – 5.66 (R2 = 0.61) 
(Figure 1, all 6 experiments).  This relationship is similar to one previously reported for DC3000 
(pPI) plate-grown cells under similar conditions, y = -2.85x -5.23 (R2 = 0.79) (Wright and Beattie 
2004), in which INA was determined over a range of 0 to -2 MPa.         
The upper limit of detection of the ice nucleation assay is 1, as no more than one ice nucleation 
event can be quantified per bacterial cell.  Therefore, the theoretical upper limit of this assay is a 
log(INA) value of 0, and most INA values are smaller than 1, reflecting that actively nucleating 
bacteria usually comprise only a small fraction of a population.  However, some values at osmotic 
stresses < -1.5 MPa were at or greater than zero after 2, 4, and 6 hours (Figures 1 and 2).  These 
values suggest that bacterial plate counts underestimated the actual number of bacterial cells 
producing ice nuclei.  Possible reasons for this include the presence of bacterial cells that are not 
enumerated by culturing or the presence of persistently active ice nuclei from lysed bacterial cells.  
This result indicates that the effective range of the biosensor does not extend lower than -1.5 MPa. 
Measurements of proU-inaZ induction during an incompatible plant interaction were not 
accurate due to a possible reduction in cell culturability 
Using the relationship between log(INA) and water potential that was observed in culture as a 
standard curve for conversion of INA to MPa values (Figure 1), we estimated that DC3000 (pPI) was 
exposed to approximately -1 MPa of water stress in planta within 4 hours post-inoculation (hpi) and 
to slightly lower levels thereafter (Figure 3).   
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Figure 3.  (A) Ice nucleation activity of DC3000 (pPI) cells, and (B) estimated water potentials to 
which the cells were exposed during a compatible interaction.  Cells were infiltrated into Arabidopsis 
thaliana ecotype Columbia plants at 0 hpi.  Log(INA) values were converted to MPa values using the 
relationship shown in Figure 1.  Each value represents an individual leaf; means at a given time are 
indicated by a horizontal line. 
When we evaluated the water potential sensed by the incompatible pathogen DC3000 (pPI, pK48-
8), which expressed avrRpm1 on the pK48-8 plasmid, we observed log(INA) values greater than 0 
(Figure 4), indicating sufficient water stress in planta to reach the upper limit of detection for the 
bacterial biosensor.  It is again apparent from these graphs that the limit of detection for the ice 
nucleation biosensor is approximately -1.5 MPa. 
The rapid occurrence of INA values ≥ 1 following inoculation during an incompatible interaction 
(Figure 4) but not during a compatible interaction (Figure 3) likely indicates that incompatible 
interactions involve a reduction in the culturability of at least a subpopulation of the pathogen.  These 
putative non-cultured cells may have been capable of ice nucleation but were not enumerated and thus 
were not used in the INA determination.  It is also possible that the avirulent cells, which were 
enumerated on a tetracycline-containing medium, were underestimated because of loss of the 
pLAFR3-derived plasmid.  pLAFR3 and its derivatives are known to be unstable (Silby and Mahanty 
2000), and loss of pK48-8 could have been amplified due to selection pressure against the avirulence 
genes in the Arabidopsis host.  Plasmid loss, however, did not appear to be the primary contributor to 
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our underestimates of cell numbers since bacteria that lost the avirulence gene should have sensed 
water potentials similar to those sensed by the compatible pathogen, as shown in Figure 3.  
Furthermore, these variants would likely have multiplied more due to their compatible interaction 
with the host, and assuming they retained culturability, their growth would have lessened rather than 
amplified the phenomenon of the apparent log(INA) values greater than 0.  Thus, plasmid loss, 
although possibly occurring, was unlikely to have been the cause of the high values for log(INA) 
during incompatible interactions.  Elevated numbers of noncultured cells was a more likely cause, 
particularly given the high probability of conditions that could cause cellular damage, such as high 
ROS levels (Bolwell et al. 2002) during incompatible interactions.  Regardless of mechanism, 
reduced culturability would be a clear barrier to accurate INA measurements. 
 
Figure 4.  (A) Ice nucleation activity of DC3000 (pPI, pK48-8) cells, and (B) estimated water 
potentials to which the cells were exposed during an incompatible interaction.  Cells were infiltrated 
into Arabidopsis thaliana ecotype Columbia plants at 0 hpi.  Log(INA) values were converted to MPa 
values using the relationship shown in Figure 1.  Symbols are as described in Figure 3. 
Near-isogenic avirulent biosensor strains indicate that plasmid loss in planta did not 
significantly alter in planta ice nucleation activity estimates  
Despite that plasmid loss did not appear to be responsible for the log(INA) values >0, plasmid 
loss in planta likely occurred due to the instability of the pLAFR3-based plasmid derivatives.  
Therefore, isogenic strains were constructed that contain the proU-inaZ fusion and an avirulence 
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gene, avrRpm1 or avrRpt2, on the pProbeKT plasmid.  These strains, designated DC3000 (pPI-
avrRpm1) and DC3000 (pPI-avrRpt2), were expected to be similar to DC3000 (pPI) in their plasmid 
stability.  As expected, the constructed strains showed a linear relationship between log(INA) values 
and MPa, as well as a threshold of detection of approximately -1.5 MPa (Fig 5A). 
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Figure 5.  Ice nucleation activity of DC3000 (pPI-avrRpm1) and DC3000 (pPI-avrRpt2) cells after 2 h 
of exposure to NaCl at the indicated water potential levels in culture. 
Interestingly, when we compared the ice nucleation activity of DC3000 (pPI), the dual plasmid-
containing strains DC3000 (pPI, pK48-8) and DC3000 (pPI, pLH12), and these new strain constructs 
at 48 hpi, in A. thaliana Columbia plants, DC3000 (pPI) and DC3000 (pPI, pLH12) both exhibited a 
lower log(INA) value than the other strains (Figure 6A).  The lower INA value for DC3000 
(pPProIce) was as expected, and evidence for instability of the pK48-8 plasmid was not detected.  In 
contrast, the INA of DC3000 (pPProIce-avrRpt2) was much lower than that of DC3000 (pPProIce, 
pLH12) (Figure 6A).  This was consistent with the subsequent discovery, based on the lack of HR 
induction by DC3000 (pPProIce-avrRpt2), that the avrRpt2 gene in pPProIce-avrRpt2 had a 5’ 
truncation.  We predicted that a natural ClaI site in the promoter region of avrRpt2 caused a 5’ 
truncation of the promoter during cloning.  We cloned avrRpt2 using a different set of primers 
(Guttman and Greenberg 2001) and the alternative restriction site EcoRI, forming pPI-avrRpt2-2, and 
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found that the kinetics with which DC3000 (pPI-avrRpt2-2) induced an HR were consistent with 
those reported for an avrRpt2-induced HR. 
Environmental conditions inside the plant apoplast may influence the activity of the InaZ 
protein 
In addition to culturability issues potentially influencing our INA estimates, we were interested in 
whether environmental conditions in the plant apoplast could influence the formation of active ice 
nuclei after proU-inaZ transcription and translation.  In particular, stressful conditions present during 
an incompatible response could conceivably differentially influence the formation of ice nuclei by 
existing InaZ protein.  To start to evaluate this, samples of plant tissue infected with the various 
DC3000 variants (Figure 6A) were incubated for 15 min at 4 °C and then re-assessed for INA using 
the ice nucleation assay (Figure 6B).  Surprisingly, the INA measurements of all of the samples were 
higher after the 4 °C incubation than before, but the estimates for the DC3000 (pPI) and DC3000 
(pPI-avrRpt2) samples, which both induced a compatible interaction, were much higher after the 4 °C  
incubation.   
 
Figure 6.  INA measurements of bacterial strains DC3000 (pPI), DC3000 (pPI, pK48-8), DC3000 
(pPI, pLH12), DC3000 (pPI-avrRpm1), and DC3000 (pPI-avrRpt2) at 48 hpi in A. thaliana Columbia 
plants.  INA was assessed before (A) and after (B) a 15-min 4 °C incubation of the cells following 
their recovery in the homogenized plant tissue.  
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Several possible explanations for the increase in INA estimates include that proU-inaZ was cold-
induced or that the transcript was stabilized by cold temperatures, allowing more protein to be made, 
both of which are possible based on previous reports (Polissi et al. 2003).  Another possibility is that 
the ice nucleation proteins had been produced but had not been fully assembled into active ice nuclei 
in the membrane until after the 4 °C incubation .  This increased INA at a cool temperature could be 
related to membrane fluidity, a factor that is known to influence the production and stability of ice 
nuclei (Lindow 1995). 
  When DC3000 (pPI) cells were grown in culture, exposed to no or low osmolarity for 2 h, and 
then subjected to the ice nucleation assay before and after a 15 min incubation at 4 °C , the 4 °C  
treatment did not influence the ice nucleation activity of the cells (data not shown).  This suggested 
that the cold-induced increase in INA was specific to cells recovered from plants, particularly from 
compatible plants and therefore was possibly related to the nature of the in planta environment.  
Perhaps the plant defenses affected the assembly of the ice nucleation proteins.  For example, a 
stressful environment in the plant apoplast during the hypersensitive response induced by AvrRpm1 
or AvrRpt2 could have altered the cell membrane to promote InaZ aggregation and ice nuclei 
formation.  In contrast, the 4 °C incubation may have stabilized the cell membranes of bacteria 
recovered from a compatible plant, thus promoting the formation of active ice nuclei only under these 
low temperature conditions.  These results suggest that ice nucleation activity might not accurately 
estimate the water potentials sensed by the bacteria because other factors in planta might affect the 
activity level of the InaZ protein after the proteins have been produced.  Due to this potential 
influence of the environmental conditions in planta on bacterial culturability and INA of the InaZ 
proteins, we constructed and evaluated biosensors based on an alternative reporter protein β-
glucuronidase (GUS). 
Alternative biosensors based on a proU-uidA fusion exhibited a detection threshold that was 
unacceptable for biosensor use in planta 
We fused the proU  promoter to the uidA gene, which encodes the reporter enzyme GUS.  This 
enzyme was originally isolated from E. coli and has the advantage that it is not present in plant 
tissues.  As a control to evaluate non-specific environmental effects on GUS activity, we also fused 
the constitutive promoter nptII to uidA.  These proU-uidA and nptII-uidA fusions were on the stable 
plasmid pFAJ1701, which has a partitioning system to ensure plasmid inheritance.  Unlike the proU-
inaZ-based biosensors, this biosensor does not require membrane-dependent assembly for activity, 
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however, protein activity-based estimates of expression could still be influenced by the presence of 
noncultured cells. 
In vitro expression of nptII-uidA in E. coli indicated that, assuming constitutive expression of 
nptII-uidA, GUS activity was not strongly influenced by osmolarity, whereas proU-inaZ was 
osmoresponsive, as expected (Figure 7).  
 
Figure 7.  Effect of water potential on proU-uidA and nptII-uidA expression in E. coli DH5α 
(pFNptGUS) and DH5α (pFProGUS), respectively.  Cells were exposed to osmotic stress for 2 h and 
the fluorescence of suspensions containing 107 cells/ml was measured at multiple times after addition 
of the substrate MUG.  GUS activity is expressed as the rate of increase in fluorescence per cell.   
The fusion-containing plasmids were introduced into DC3000 and osmoinduction was examined 
using a range of cell concentrations to determine the sensitivity of detection.  The cell densities 
examined were in the range expected during bacterial recovery from infected plants.  The proU-uidA 
fusion was osmoresponsive in DC3000 cells, as demonstrated by the faster rate of increase in 
fluorescence at high than low osmolarities (Figure 8A, B).  In this assay, the apparent GUS activity, 
which reflects GUS concentration, depends on both cell numbers and proU induction.  GUS activity 
in the proU-uidA containing strains was detectable only when cell numbers greater than 104 were 
exposed to relatively high levels of osmotic stress (< -1 MPa) (Figure 8A-C).  Recoverable bacterial 
cells from an in planta leaf sample can be as few in number as 105 cells; therefore this cell number 
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was not sufficient to provide detectable GUS activity from in planta samples if the proU-uidA fusion 
was induced at only a low or moderate level.   Even when a known number of cells exhibited 
detectable GUS activity, correlating that GUS activity to water stress exposure was confounded by 
the nonlinear relationship between GUS activity, as reflected in the rate of fluorescence increase and 
water potential (Figures 8A, B).  Similarly, if we express GUS activity as the rate of fluorescence 
increase and normalize this to cell number, the water potential and proU expression do not appear to 
be quantitatively related (Figure 8E, F).  Furthermore, high concentrations of cells had lower values 
for the GUS activity per cell than lower concentrations of cells exposed to the same water potential 
(Figures 8E-G).  The fact that GUS activity per cell values were twice as large for cells that were ten 
times less concentrated, and that the values were highest for the cells that were likely exhibiting only 
background levels of fluorescence (Figure 9G), indicate that the proU-uidA biosensor was not a 
robust biosensor. 
 
Figure 8.  GUS activity measurements of DC3000 derivatives expressing proU-uidA (A-C) and nptII-
uidA (D) in culture.  The effect of cell number on the detection of GUS activity was evaluated by 
examining the fluorescence of DC3000 (pFProGUS) cells in assays with (A) 2.5 x 105 cells, (B) 2.5 x 
104 cells, (C) 2.5 x 103 cells exposed for 30 min to water potentials of -2.1 MPa (open triangle), -1.7 
MPa (closed triangle), -1.0 MPa (open circle), and -0.7 MPa (closed circle), imposed by NaCl 
Water potential (MPa)
G
U
S 
Ac
tiv
ity
 p
er
 c
el
l
0.0000
0.0005
0.0010
0.0015
0.0020
-0.7 -1.0 -1.7 -2.1
Water potential (MPa) Water potential (MPa) Water potential (MPa)
E F G H
-0.7 -1.0 -1.7 -2.1 -0.7 -1.0 -1.7 -2.1 -0.7 -1.0 -1.7 -2.1
Time (min)
0 10 20 30 40
Fl
uo
re
sc
en
ce
 (R
FU
)
0
500
1000
1500
2000
2500
Time (min)
0 10 20 30 40
Time (min)
0 10 20 30 40
Time (min)
0 10 20 30 40
A B C D
29 
 
addition to the medium.  (D)  The fluorescence of DC3000 (pFNptGUS) cells in assays with 2.5 x 105 
cells.  For (A-D), the fluorescence expressed as relative fluorescence units (RFU) is shown as a 
function of time after introduction of the substrate MUG.  (E-H), the GUS activity measurements as 
derived from the slope values in (A-D) plotted as a function of water potential.   
Adaption of the assay to a microtiter plate did not overcome the fundamental challenge of having 
enough cells producing fluorescent product, nor did it address the additional challenge of accurately 
normalizing the GUS activity by the cell number.  Furthermore, following exposure of proU-uidA-
expressing cells to osmotic stress, an incubation of  > 4h was required to detect a response of even 
relatively high cell concentrations (5 x 106 cells) to relatively high levels of osmotic stress (-0.9 MPa)  
(Figure 9A).        
 
Figure 9.  Effect of incubation time and osmotic stress level on the fluorescence of (A) DC3000 
pFProGUS and (B) DC3000 pFNptGUS cells. 
Since we are interested in measuring water potentials of as few as 105 cells recovered from inside 
the plant, with possible cellular exposure to only low or moderate levels of water stress (e.g. -0.5 
MPa), this microtiter plate assay was not sensitive enough to detect these levels of proU-uidA 
expression.  Therefore, these proU-uidA-based biosensors were not sufficiently sensitive to use in 
studies aimed at quantifying bacterial exposure to water stress in planta. 
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Discussion 
We are interested in understanding how the water available to invading pathogens changes during 
early infection and the relationship of bacterial water stress to plant HR.  Our goal in this study was to 
evaluate if the previously constructed proU-inaZ-based biosensor provided accurate estimates of 
water potential sensed by the invading bacterial cells during compatible and incompatible interactions 
in plants.  We found that the proU-inaZ-based biosensors had several limitations, the first of which 
was the potential for carryover of ice nuclei from the bacterial inocula used in an experiment; these 
contributed to inaccurately high INA estimates during both in vitro and in planta assays.  We 
identified an experimental approach to overcome this limitation, namely by performing at least two 
successive transfers on K agar to minimize the number of pre-existing ice nuclei. 
The second limitation of the proU-inaZ reporter fusion that we identified was the dependence of 
the INA estimate on an accurate cell count.  A potential decrease in cell culturability in response to 
high osmotic stress and/or plant colonization was a primary concern.  If noncultured cells were still 
able to produce active ice nuclei, but the cells were not counted, the INA level would be 
overestimated, and thus the proU induction level would be overestimated.  It is also possible that the 
number of noncultured cells may vary depending on the nature of the bacterial-plant interaction, since 
recognition of the avirulence gene results in a vigorous defense response activation by the plant, and 
this response could conceivably reduce bacterial cell culturability.  Although plasmid instability could 
also alter the accuracy of the cell counts, our results indicate that this was not a significant problem 
with these plasmids based on that the dual-plasmid strains gave INA measurements similar to those of 
the single-plasmid strains.     
When evaluated using an ice nucleation assay, the InaZ-based reporter fusion system was 
inherently limited by the fact that multiple ice nuclei in a cell cannot be detected.  The presence of 
multiple ice nuclei per cell does not typically occur in natural populations, where one ice nucleus per 
1,000 cells reflects a very high ice nucleation activity level.  As a bioreporter, however, the proU-
inaZ fusion produces unnaturally high amounts of InaZ protein and potentially produces multiple 
nuclei per cell at high osmotic stress levels.  This high level of INA was suggested by the 
exceptionally high INA values at water stress levels lower than -1.5 MPa and in plants during 
incompatible interactions.  This suggests that although proU expression levels are a good indicator of 
water stress exposure, ice nucleation activity is not necessarily a good indicator of InaZ protein levels 
and thus proU-inaZ expression levels.   
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Ice nucleation proteins associate together in the bacterial membrane to form an aggregate that can 
nucleate ice at a given temperature.  At colder temperatures, fewer associated proteins are necessary 
to successfully act as an ice nucleus.  Other things can also affect ice nucleation ability, including 
antibiotics and certain chemicals.  This may be due to changes in the assembly and presentation of the 
nucleation surface.  Thus, the ice nucleation assay may not reflect the amount of InaZ protein present 
due to environmental or physiological conditions influencing the proper aggregation of InaZ proteins 
into active ice nucleation islands.  Data we have to support this include our findings that incubating 
cells recovered from leaves for 15 min at 4 °C increased the INA levels of the compatible pathogen to 
the levels exhibited by the incompatible pathogen.  Lowering the temperature and incubating the cells 
longer may have promoted the assembly of InaZ proteins.  This effect was not replicated in vitro, 
suggesting that the physiology of cells responsible for this INA increase in plants was not mimicked 
in culture medium. 
We explored an alternate protein reporter for use in planta to measure proU expression.  GUS, or 
β-glucuronidase, breaks down a substrate to form a fluorescent product, such as MUG to MU.  This 
reporter protein theoretically is not limited in the activity levels that can be detected per cell.  
Furthermore, it does not require protein assembly in the membrane, and thus should not be influenced 
by environmental conditions in the plant independent of water availability.  When we tested the 
osmoresponsiveness of the proU-uidA fusion in DC3000, we found that GUS activity was not 
detectable at low osmotic stresses, but it was at water potentials ≤ -1.7 MPa.  The GUS activity per 
cell indicated that reporter protein activity did not correlate well with cell concentrations and water 
potential, indicating a lack of robustness in this bioreporter.  At the lowest concentration of cells 
examined, 2.5 x 103, we did not detect activity, even under strong proU inducing conditions.  These 
results indicate that this reporter fusion is not expressed strongly enough to allow estimation of the 
water potentials sensed by bacteria early during infection.  In addition, like the InaZ-based reporter, a 
GUS-based reporter is also susceptible to an overestimation of activity if noncultured cells are 
present, since GUS activity measurements are expressed on a per cell basis.  To avoid the limitations 
of using reporter protein activity to estimate proU activity, future studies were focused on estimating 
proU expression levels based directly on proU mRNA transcript levels as measured using 
quantitative RT-PCR.   
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Chapter 3. Comparison of the global expression profiles of P. syringae pv. 
tomato DC3000 in response to low water potentials due to osmotic versus 
matric stress 
Introduction 
Water potential (Ψ) measures the water availability in a system relative to pure water.  This 
availability can be affected by two components, the osmotic potential (Ψπ) due to dissolved solutes 
and the matric potential (Ψm) due to capillary effects and adsorption to a matrix (Papendick and 
Campbell 1981).  Removal of available water results in water stress for bacterial cells.  An initial 
transient form of bacterial adaptation to an osmotic upshift is the uptake of K+ and accumulation of 
K+ glutamate (Epstein 1986).  This is followed by replacement of the K+ glutamate with compatible 
solutes that are nontoxic and can be accumuluated to high concentrations, allowing restoration of 
osmotic balance and resumption of cellular functions (Sleator and Hill 2002).  Pseudomonas 
aeruginosa, under osmotic stress conditions, accumulates glutamate, N -acetylglutaminylglutamine 
amide (NAGGN), and trehalose as compatible solutes (D'Souza-Ault et al. 1993). In addition, 
microarray analysis of P. aeruginosa after osmotic upshock has found upregulation in pathways 
putatively associated with the synthesis of these compounds (Aspedon et al. 2006). 
Microarray analysis of osmotically stressed P. aeruginosa PA14 shows induction of genes 
putatively involved in trehalose and glutamate synthesis.  Other genes induced include the Type III 
secretion system, which has roles in virulence through the delivery of effector proteins into eukaryotic 
host cells, as well as a chaperones, potential chaperones, and putative proteases, which are all likely 
involved in the folding and processing of proteins.  Regulatory genes such as mucAB, algBRU, 
phoPQ, the DNA binding stress protein (PA0962), and many probable transcriptional regulators were 
induced or repressed, indicating global transcriptional regulatory changes during osmotic stress.  
Several other potentially interesting genes were induced, including the catalase CatE, the osmotically 
inducible lipoproteins OsmC and OsmE, and a bacterioferritin (Aspedon et al. 2006). 
Transcriptional fusions to phoA have been used to study matric stress-induced genes in 
Pseudomonas putida mt-2, using medium amended with polyethylene glycol MW 8000 (PEG8000) 
(van de Mortel and Halverson 2004).  These studies resulted in the identification of a group of matric-
stress induced genes.  Several transport genes were induced; these included the porin OprF, a 
dipeptide transporter, and an aromatic amino acid transporter.  Alginate biosynthesis (algA) was 
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induced by matric stress, as well as several potential protein chaperones (DnaK family and flklB-2).  
In contrast, matric stress repressed flagellin synthesis (fliC, flgE). 
The objective of this study was to investigate differences in gene expression during matric and 
osmotic stress to determine which aspects of the water stress response are specific and which are 
shared during the two types of stress.  Using an ORF-based oligonucleotide microarray, we examined 
the gene expression profiles of the plant pathogen Pseudomonas syringae pv. tomato DC3000 in 
response to matric and osmotic upshock stress. 
Materials and Methods 
Strains, growth media, and preparation of cells 
P. syringae pv. tomato DC3000 (Moore et al. 1989) was cultured on King’s B agar (King et al. 
1954) for 48 h, then subcultured in 5 mL of  ½ 21C medium (Halverson and Firestone 2000; Smibert 
and Krieg 1994) supplemented with 0.3% glucose and 5mM succinate (½ 21C-GS).  Cells were 
grown to a density of 1 x 109 cells/ml.   Two colonies were subcultured and exposed to treatments as 
follows.  From the 1 x 10 9 cells/ml culture, 1 x 107 cells were removed and subcultured in ½ 21C-GS 
medium for 16 h until 1 x 109 cells/ml was achieved.  Another 1 x 107 cells were removed from this 
subculture to a flask containing 30 ml of ½ 21C-GS.  Cells were then grown to the mid log phase 
density of 1 x 108 cells/ml.  
Cells were collected by centrifugation for 10 min at 5000x g and resuspended in 3.6 ml of pre-
warmed ½ 21C-GS to  a cell concentration of 8.3 x 108 cells/ml.  Aliquots of 0.3 ml, containing 2.5 x 
108 cells, were transferred to new tubes and cells were incubated at 28 °C with shaking for 15 min 
before treatment application. 
Application of matric or osmotic shock 
To expose the cells to a sudden reduction in osmotic or matric potential to a final water potential 
of -1 MPa, the preincubated cells (2.5 x 108) were amended with 0.8 ml containing either 301 mM 
NaCl (final concentration 219 mM) or 28.4%  PEG8000, which was approximately -2.5 MPa, to a 
final water potential of -1.0 MPa in ½ 21C-GS.  For comparison, cells not exposed to a shift in water 
potential were prepared by amending 0.3 ml of pre-incubated cells with ½ 21C-GS.  Cells were 
immediately mixed to ensure all cells had uniform exposure to the treatment.     
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Bacterial cells were incubated for 15 min with shaking at 28 °C.  To preserve gene expression, 
2.2 ml of bacterial RNA stabilization reagent (RNAprotect Bacteria Reagent, Qiagen, Valencia, CA) 
was added to 1.1 ml of bacterial cells and mixed immediately, followed by a 5 min incubation at 
room temperature (25 °C).  Samples were centrifuged 10 min at 5000x g to collect the bacteria, the 
supernatant was removed, and the pellets were frozen at -20 °C.  Two replicate cultures were grown 
and subjected to each of the treatments on each of 4 subsequent days. 
RNA extraction, quantification and assessment of quality 
 Bacterial pellets that had been frozen were thawed and resuspended in 200 µl of TE-lysozyme 
solution.  Cells from the replicate cultures prepared and subjected to the same treatment on the same 
day were combined to achieve a total of 5 x 108 cells.  RNA was extracted using the RNeasy Protect 
Bacteria Mini Kit (Qiagen)) with accompanying on-column DNA digestion. 
All RNA samples were analyzed for quantity and quality using the Nanodrop ND-1000 
spectrophotometer (Thermo Fisher Scientific, Wilmington, DE) and Agilent Bioanalyzer (Agilent 
Technologies, Waldbronn, Germany), respectively.  After quality verification, RNA samples isolated 
from cells prepared on days 1 and 3 were pooled for each treatment, as were the RNA samples from 
cells prepared on days 2 and 4.  Thus at the end, we had two replicate RNA samples, each containing 
RNA from 4 independent bacterial cultures, for each of three treatments: no water stress, osmotic 
stress, and matric stress.  In addition, two replicate samples were simultaneously prepared for cells 
exposed to oxidative (1mM H2O2) and phenol (5 mM) stress.  These treatments were for a separate 
study and will not be discussed, however their gene expression profiles were included in the statistical 
analysis discussed below.   
RNA labeling and hybridization 
RNA was sent to Nimblegen, Inc. (Madison, WI) for full-service hybridization to microarrays.  
This included conversion of the RNA to cDNA with Cy3 labeling and hybridization to an ORF-based 
DNA microarray that had at least 17 24-mer oligos, representing each of 5,607 annotated ORFs in 
DC3000.  Each microarray slide had two replicate arrays; these were designated as “blocks” and were 
treated as subsamples.   
37 
 
Statistical analysis of microarray data 
The data obtained from Nimblegen, Inc. had been normalized using RMA (robust multiarray 
average), which involved adjusting for background signal intensity on the individual arrays, quantile 
normalization, and median polishing.  The fluorescence intensities across the probe set for a given 
ORF were averaged to yield a single intensity level for each gene, and the intensities for each gene 
were averaged across blocks.  The natural log was taken of the fluorescence values and the resulting 
values were subjected to median centering across the treatments.  An ANOVA was performed on 
these transformed intensity values for each ORF across the 5 treatments and q-scores were generated 
based on the p-values across the 5,607 ORFs.  Fold-expression values were calculated by taking the 
ratio of the probe intensity values for the treatment sample relative to the untreated sample (i.e., ea/eb 
where a and b represent the natural log transformed fluorescence values). 
A separate pairwise contrast analysis among the untreated, NaCl-, and PEG-treated cells were 
performed for each gene, yielding values that indicated the significance of individual treatment 
differences.  P-values and q-scores were generated for each comparison, yielding 16,821 values. 
Results and Discussion 
Numbers of genes influenced by osmotic and matric upshock 
Of the 5,607 ORFs represented on the P. syringae DC3000 microarray, 2,112 genes significantly 
changed expression  in at least one of the five treatments based on an ANOVA across all treatments 
(p<0.05, FDR<2%).  Of these genes, 1,461 genes were altered at least 1.2-fold by NaCl or PEG8000 
stress.  Among these genes, a similar number were induced by osmotic (438) and matric (480) stress.  
Likewise, a similar number were repressed by osmotic (743) and matric (845) stress.  Because this 
analysis detected differences among the untreated control and the four stress treatments, rather than 
just the water stress treatments, the number of genes significantly influenced by at least one of these 
treatments is likely to be greater than the number influenced by only the water stress treatments.  
None-the-less, as shown in Figure 1, of the genes that exhibited differential expression among the 
treatments, greater numbers of genes were repressed (896) than induced (555).  Only 10 genes were 
found to be oppositely regulated by osmotic and matric stress. 
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Figure 1.  The numbers of P. syringae DC3000 genes that exhibited significant differences in 
expression among the five treatments (p<0.05, FDR<2%) and showed at least 1.2-fold change in 
expression in response to osmotic upshock (NaCl) or matric upshock (PEG8000) at -1 MPa.  Ind, 
Induced; Rep, repressed.  Venn diagrams constructed with Venny (Oliveros 2007).   
Numbers of genes influenced by osmotic versus matric upshock 
We performed contrast analyses to identify genes that exhibited differential expression between 
specific pairs of treatments.  Most notably, of the 1,461 genes that are shown in Figure 1, 405 
exhibited expression that was significantly different in response to the osmotic versus matric stress 
treatments (p<0.05).  Because selection of the 1,461 genes included the requirement that they were 
altered in expression at least 1.2-fold from the basal medium treatment, these 405 differentially 
regulated genes did not include genes that were only mildly affected by the water stress treatments, 
even if that expression differed significantly between these two treatments.   
Many genes exhibited similar expression patterns in response to the two types of water stress.  
Those that were regulated similarly and at approximately the same level of expression are part of a 
separate analysis (Freeman, Ph. D. thesis) and will not be discussed here.   
Of the 405 genes that were differentially impacted by the two types of water stress, the majority 
were similarly induced or repressed but to differing extents (Figure 2).  In contrast, some responded 
to one stress but not to the other, and only a very few responded oppositely to the two stresses (Figure 
2). 
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Among the 53 genes that were induced by both stresses but to different extents, 33 were induced 
more by PEG8000 than NaCl, and 20 were more induced by NaCl than PEG8000.  In contrast, there 
was a dramatic difference in the number of gene exhibiting differential repression: 140 were 
repressed more by PEG8000 than NaCl whereas only 5 genes were repressed more by NaCl than 
PEG8000.  It is possible that the large number of matric stress-repressed genes reflects a general 
downshift in transcription rather than a targeted repression of specific genes.   
Among the genes exhibiting a significant response to only one of the two stresses, 65 genes were 
induced solely by PEG8000 and 31 were induced solely by NaCl.  Again, we observed a greater 
repressive effect of PEG8000 than NaCl on the cells, based on that 94 genes were repressed solely by 
PEG8000 treatment, but only 8 were repressed solely by NaCl.  
The last group of genes responded oppositely to the two stresses.  This was a rare phenomenon, 
as only 9 genes fell into this category, 7 of which were induced by NaCl and repressed by PEG8000, 
and the remainder of which showed the opposite (Figure 2).   
 
Figure 2.  The numbers of P. syringae DC3000 genes that exhibited a significant difference in their 
response to osmotic upshock (NaCl) versus to matric upshock (PEG8000) as assessed by a pairwise 
comparison of the two treatments (p<0.05)  Ind, induced; Rep, repressed.   
Identity of genes that exhibited differential induction in response to osmotic versus matric 
upshock   
The genes induced by both stresses include the genes responsible for the primary known adaptive 
responses to hyperosmolarity, including genes involved in synthesizing compatible solutes and in 
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transporting compounds that can serve as or be converted to compatible solutes.   The genes that were 
induced more by matric upshock than by osmotic upshock include genes putatively involved in the 
synthesis of the compatible solutes NAGGN (PSPTO1630-1633) and trehalose (PSPTO2760-2762 
and PSPTO3125-3234) , and the genes encoding the primary inducible transporter for uptake of the 
osmoprotectants choline and glycine betaine, OpuC (Figure 3A,B). 
 
 
Figure 3.  Genes that were induced 
significantly more by matric stress 
than by osmotic stress and that show 
(A) a relatively large differential effect 
or (B) a relatively small differential 
effect.  *note algU and mucA did not 
exhibit significant differential 
expression but are included for 
comparison 
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Genes for one of the three P. syringae katE (PSPTO5263) catalases and one of the three 
superoxide dismutases, sodC (PSPTO1338), were induced more by PEG8000 than NaCl.  Although 
this suggests that the cells experience more oxidative stress under matric than osmotic stress 
conditions, the majority of catalase and SOD genes were not differentially regulated, or even induced, 
by the two stresses.  This suggests that katC and sodC may contribute to cell processes other than 
oxidative stress tolerance.    
MucB, which interacts with the anti-sigma factor MucA and the sigma factor AlgU (rpoE, σ22), 
was significantly more induced by PEG8000 than by NaCl stress. MucA and AlgU were also more 
induced by PEG8000 (Fig 3A) but this difference was not significant.  MucA and MucB function at 
the cell membrane to sequester the AlgU sigma factor, making it inactive.  The similar expression 
patterns of mucA, mucB, and algU indicate that the cell maintains the stoichiometry of these 
components, whereas their induction suggests a role for the AlgU regulon genes in adaptation, 
particularly to matric stress.  This has been shown in previous studies with P. putida (Chang et al. 
2007; van de Mortel and Halverson 2004).   
Other genes were more induced by NaCl than by PEG8000.  These include genes for three 
resolvases (Figure 4).  These are encoded by the three replicons in this strain: the chromosomal DNA, 
the74-kb plasmid pDC3000A and the 67-kb plasmid pDC3000B.  The strong sequence similarity 
among the genes for these three resolvases suggests that they may have originated from duplication of 
a single gene with retention of the regulatory elements for transcription.  This is supported for the two 
plasmids by their strong synteny, suggesting a common origin (Buell et al. 2003; Zhao et al. 2005), 
and the role of resolvases in recombination, suggesting a possible self-transfer between the plasmid 
and the chromosome.  These resolvases could conceivably have a role in replication or maintenance 
of each of the replicons under low water availability conditions.  Genes encoding the HrpB helicase 
(PSPTO4735, a transcriptional activator of the hrp regulon (Tamura et al. 2005)) as well as 
transcriptional regulators in the Sir2 (PSPTO4675) and PadR (PSPTO4192) families were also 
induced more by NaCl than by PEG8000.  Based on proximity and expression, PSPTO4192 appears 
to be co-expressed with PSPTO4193, a gene encoding a putative siderophore-interacting protein, and 
thus may reflect modulation in iron utilization. 
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Figure 4.  Genes that were induced significantly more by osmotic stress than by matric stress 
Identity of genes that exhibited differential repression in response to osmotic versus matric 
upshock 
Many more genes were repressed more by matric stress than by osmotic stress.  Among these, 
four were predicted to encode the solute-binding component of ABC transporters (PSPTO- 1826, 
4171, 5180, and 2766) (Figure 5).  PSPTO1826 is predicted to bind histidine, arginine, or ornithine.  
PSPTO4171 is predicted to bind glutamate or aspartate.  PSPTO5180 is predicted to bind cysteine.  
PSPTO2766 is not contiguous with genes encoding other ABC transporter components and thus the 
substrate specificity is more difficult to predict   Cellular exposure to thermodynamically similar 
water potentials caused by matric versus osmotic stress differentially affects cellular ultrastructure, as 
demonstrated by the convoluted outer membrane and visibly smaller periplasmic space in matric 
stressed cells (Halverson and Firestone 2000).  Thus, the greater repression of genes encoding 
periplasmic solute binding proteins by PEG8000 than NaCl may reflect a need to lower the protein 
content of the periplasm.  The significantly greater repression of genes for at least two porins, porin D 
(PSPTO3987) and porin B (PSPTO1296), and one or more structural flagellar proteins (Figure 5), 
may reflect a similar need to decrease the protein content in the outer membrane.  Porin B is likely 
involved in glucose uptake, based on its proximity to a glucose ABC transporter. 
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Figure 5.  Genes that were repressed significantly more by matric than osmotic stress.  (* indicates 
repression level did not significantly differ between matric and osmotic stress) 
Several other genes encoding transport or secretory proteins were repressed more by matric stress 
than osmotic stress, including yajC and its downstream genes secD and secF (Figure 5).  Together 
these likely contribute to Sec-dependent protein export by forming a heterotimer involved in releasing 
proteins into the periplasm.  Downregulation of this system is consistent with a possible need for 
decreased protein content in the periplasm during matric stress.  Repression of genes encoding TolC, 
an outer membrane efflux protein, and HrpZ1 and HrpG (Figure 5), which serve as a type III 
secretion system helper protein and secreted protein, respectively, provide additional evidence for 
decreased infrastructure for the transport and secretion of some molecules in response to matric stress.   
Genes for several tRNA synthetases were repressed more by matric than osmotic stress and these 
primarily contributed to synthesizing glutamate- and glutamine-charged tRNAs (Figure 6).  In 
particular, we observed repression of gltX (PSPTO2166) encoding a glutaminyl tRNA synthetase, and 
gatC (PSPTO4473) encoding a subunit that along with the GatA (PSPTO4474) and GatB 
(PSPTO4475) subunits encodes a glutamyl aspartyl tRNA amidotransferase that mediates an 
alternative glutaminyl tRNA synthesis pathway.  Collectively, the repression of these genes could 
increase the pools of free glutamate, which serves as a compatible solute, and glutamine, which 
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serves as a precursor for the dipeptide NAGGN (N-acetylglutaminylglutamine amide), which also 
serves as a compatible solute.  The repression of a gene for cysteinyl tRNA synthetase, cysS 
(PSPTO3742), may be due to its coexpression with glnS.   
 
Figure 6. Genes encoding tRNA synthetase genes that were repressed significantly more by matric 
than osmotic stress.  (* indicates repression level did not significantly differ between matric and 
osmotic stress) 
Matric stress had a slightly greater repressive effect than osmotic stress on a number of genes 
encoding known or putative transcriptional or posttranscriptional regulators or proteins involved in 
signal transduction (Figure 7).  Two DNA binding proteins were repressed more by PEG8000; these 
include an uncharacterized periplasmic binding protein (PSPTO4760) and Fis (PSPTO4865).  Fis, 
modulates gyrase, topoisomerase I, and HNS, and is a global regulator that affects the expression of 
as much as 21% of the E. coli genome (Cho et al. 2008; Keseler et al. 2005; Schneider et al. 2001).  
Fis is plentiful in logarithmically growing cells, as were used in these studies, but is typically almost 
undetectable in stationary phase cells.  This repression of fis is thus consistent with the reduction in 
growth rate associated with the downshift in matric potential based on reduced growth rate as one 
defining feature of stationary phase cultures.   
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Several transcriptional regulators were more repressed by matric stress than osmotic stress, 
including AlgQ (PSPTO0134) (Figure 7).  AlgQ functions as an anti-sigma factor for σ70 (RpoD) 
(Ambrosi et al. 2005), thus allowing for increased competitiveness of alternative sigma factors in 
RNA polymerase recruitment and increasing the expression of genes, such as the alginate and 
pyoverdin synthesis genes in P. aeruginosa, in regulons controlled by such sigma factors.  Given the 
strong induction of the gene for the alternate sigma factor AlgU (σ24) by matric stress, the role of 
algQ repression is not clear.  Similarly, the cellular significance of the repression of a variety of other 
genes involved in regulation is not clear; this includes repression of sirA (PSPTO2018), which 
putatively encodes a protein involved in post-transcriptional regulation via disulfide bond formation, 
pilG (PSPTO5034), which encodes the response regulator of a two-component regulatory system 
presumably involved in the regulation of pilus synthesis, and glnK (PSPTO0217), which encodes a 
signal transduction protein involved in nitrogen regulation (Figure 7). 
 
Figure 7.  Genes encoding proteins involved in regulation or signal transduction that were repressed 
significantly more by matric than osmotic stress.  (* indicates repression level did not significantly 
differ between matric and osmotic stress) 
Matric stress differentially affected the expression of genes encoding the iron-associated proteins 
ferredoxin and bacterioferritin.  Among the genes predicted to encode ferredoxins, four were more 
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repressed by matric than osmotic stress (Figure 8), one (PSPTO4642) was not influenced by either 
stress, and one, the bacterioferritin-associated ferredoxin PSPTO4159, was induced (2.1-fold by 
matric stress and 1.5-fold by osmotic stress).  Similarly, among the three putative bacterioferritin 
genes, two were more repressed by matric and osmotic stress (Figure 8) whereas one, PSPTO4906, 
was strongly induced (12.1-fold by matric stress and 9.1-fold by osmotic stress).  Bacterioferritin, an 
iron-storage protein, can serve as a major iron reservoir in stationary-phase cells (Abdul-Tehrani et al. 
1999).  Although ferredoxins are involved in energy generation, the bacterioferritin-associated 
ferredoxin has been proposed to function in delivering iron to or from bacterioferritin (Quail et al. 
1996).  Thus, the collective effect of matric stress on these genes appears to increase the capacity for 
iron storage in bacterioferritin, as occurs in cells during a transition to stationary phase in iron-rich 
conditions, while repressing the synthesis of new ferredoxin proteins for energy generation.  Although 
this transition occurs in response to osmotic stress, it is more pronounced in response to matric stress. 
Two known stress- and virulence-associated (Figure 8) proteins were also repressed by matric than 
osmotic stress, including the cold-shock protein PSPTO1274, which has a DNA binding domain and 
may thus function in transcriptional regulation and the universal stress protein family gene 
PSPTO3520.  
Figure 8.  Genes that were repressed significantly more by matric than osmotic stress.  (* indicates 
repression level did not significantly differ between matric and osmotic stress) 
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Only a very few genes that were downregulated by both stresses were downregulated more by 
NaCl.  Two of these were likely in an operon: the genes for an OprD family porin (PSPTO4560) and 
for the dipeptide/oligopeptide periplasmic solute binding protein DppA (PSPTO4561) which is part 
of an ABC transporter.  (Figure 9).  Their likely coexpression suggests that the porin may be selective 
for the ABC transporter substrate; however, the identity of this substrate is not clear.   
 
Figure 9.  Genes that were repressed significantly more by osmotic than matric stress. 
Genes that were specifically induced by osmotic but not matric upshock 
Two ATP-dependent RNA helicases were induced more by osmotic stress than matric stress, 
hepA (PSPTO4104) and rhlE (PSPTO5070) (Figure 10).  This group also contains the chaperone 
HscA (PSPTO1427), which is involved in the maturation of proteins containing Fe-S clusters as well 
as its co-transcribed co-chaperone HscB (PSPTO1426).  Such proteins are common in the inner 
membrane.  Another osmotically induced gene, PSPTO5612, putatively encodes an inner membrane 
protein translocase.  This protein helps insert proteins, such as Fe-S proteins, into the inner 
membrane.  Together, these suggest a possible increased need for energy generation via Fe-S proteins 
in the membrane.  The rod-shape determining protein MreC (PSPTO4471) was osmoinduced 
indicating that the cell may need to increase this protein to maintain its shape; this increase could 
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conceivably be involved in filamentation commonly observed in cells exposed to high osmotic stress.  
A protease protein, PSPTO5329, was induced, potentially indicating a need to degrade proteins.  This 
might also be related to the upregulated chaperones HscAB, as any proteins that are misfolded, if not 
corrected, would likely need to be degraded.  A gene encoding a peptide chain release factor, 
PSPTO1109, was also upregulated; this could contribute to a sustained or increased capacity for 
translation due to its role in termination during translation.  Lastly, a fatty acid / phospholipid 
synthesis protein PlsX (PSPTO3834) was induced by NaCl, which suggests increased lipid synthesis, 
although other genes involved in lipid synthesis were not significantly induced.   
 
Figure 10.  Genes induced by osmotic but not matric stress  (**indicates predicted gene name) 
Identity of genes that were specifically induced by matric but not solute upshock 
Among the 94 genes that were significantly induced by PEG8000 but not by NaCl, 24 encoded 
putative transporter components.  Sixteen of these encoded putative ABC transporter components, 
with 13 of the 16 encoding putative transmembrane permeases (Table 1).  Given that the transcript 
levels of these permease genes were generally the highest among the genes in the operons, despite  
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Table 1.  ABC transporter operons with component genes that were significantly induced by matric 
stress (in bold) but not by solute stress. 
Locus Predicted substrate Fold induction by PEG8000 of each gene 
in the operona 
Fold induction 
by NaCl of gene 
in bold 
PSPTO0249-0252 Peptide 1.15 *1.25 1.07 1.08 1.07 
PSPTO0664-0661 Glycerol-3-phosphate 1.11 *1.23 1.18 1.09 1.04 
PSPTO0704-0705 O-Antigen -- -- 1.26 *1.21 1.03 
PSPTO2141-2138 Mn2+ 1.10 1.24 *1.21 1.14 0.99 
PSPTO2490 Multidrug export -- *1.20b   1.03 
PSPTO2521-2524 Spermidine/Putrescine 1.16 c *1.21 *1.23 1.09 1.06, 1.05 
PSPTO2627-2630 Amino acid 1.10 1.18 *1.25 1.11 1.03 
PSPTO2633-2635 Mn2+ *1.21 *1.21 -- 1.11 1.10, 0.99 
PSPTO3029-3032 Peptide 1.08 1.12 *1.21 1.02 1.04 
PSPTO3879-3882 Polyamine 1.11 c *1.26 1.10 1.14 1.09 
PSPTO5268-5265 Zn 1.15 1.10 d 1.16 *1.20 1.10 
PSPTO5316-5314 Aliphatic sulfonates 1.84 *1.51 -- *1.25 1.15, 1.03 
PSPTO5357-5360 Amino acid 0.81 0.74 1.13 *1.28 1.02 
       
Color code:  Binding protein  Permease  ATPase 
 
a The fold-induction is shown for the genes in the order indicated in the locus column, from left to right.  * 
indicates genes significantly induced by matric stress but not by NaCl stress.  
b This protein has domains indicating both permease and ATPase activities. 
c These components are annotated as hypothetical proteins. 
d This protein is a regulator. 
Table 2.  Non-ABC transporter transport-related genes significantly induced by matric but not 
osmotic stress 
Locus 
Predicted 
Substrate 
Fold 
Induction by 
PEG8000 
Fold 
Induction 
by NaCl Function 
PSPTO0366 Na+/H+ 1.29 1.09 Na+/H+ antiporter NhaP 
PSPTO0407 
Drug 
Resistance 1.23 1.08 
drug resistance transporter, EmrB/QacA 
family 
PSPTO1212 Iron 1.21 1.05 putative iron uptake protein 
PSPTO3471 Cation 1.33 1.09 monovalent cation:proton antiporter, putative 
PSPTO3474 Potassium 1.22 1.13 
potassium efflux system protein PhaE, 
putative 
PSPTO3686 Carbohydrate 1.25 1.06 carbohydrate transporter, putative 
PSPTO3747 
Drug 
Resistance 1.35 1.14 
drug resistance transporter, EmrB/QacA 
family 
PSPTO4167 Glycerol 1.44 1.06 glycerol uptake facilitator protein 
PSPTO4362 Amino acid 1.25 1.05 transporter, LysE family 
PSPTO5115 Gluconate 1.3 1.06 gluconate transporter family protein 
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that none were the first gene in the operon (Table 1), suggests that matric stress either induced 
transcription from alternative promoters or the transcripts of the permease genes showed higher 
stability, such as could result from matric stress-targeted degradation of the regions of the transcript 
encoding the nonpermease transporter components.   
In addition to the ABC transporters found to be induced by matric but not osmotic stress, ten 
additional non-ABC transport and uptake genes were induced by matric stress.  These genes function 
on a variety of substrates (Table 2, Ren et al. 2007).  Together, the ABC permeases and other 
transport genes suggest that matric-stressed cells may either need these substrates in greater 
quantities, or perhaps that the presence of the proteins themselves in the membrane serves to help 
stabilize the membrane.  
Identity of genes that were repressed by matric but not solute upshock 
Interestingly, the sigma factor genes rpoS (σ38, PSPTO1565) and rpoN (σ54, PSPTO4453) were 
both repressed by matric stress (Fig 11A).  This repression of rpoS was not expected based on that 
RpoS-regulated genes are commonly induced by a wide variety of stressful conditions, including 
hyperosmolarity (Hengge-Aronis 2002), as well as starvation, pH downshift, and non-optimal 
temperature (Gowrishankar 1985; Weber and Jung 2002).  Thus, although levels might be expected to 
vary for matric or osmotic stress, it would be expected that at least the osmotic stress would result in 
induction of this gene.  Similarly, we did not expect to find that matric stress repressed rpoN, since 
RpoN-regluated genes are often induced under stressful conditions, such as low nitrogen availability.  
RpoN regulates many hrp genes, and is needed for avrRpt2, hrpZ, and hrpL expression (Hendrickson 
et al. 2000), repression of this gene in response to water stress likely reduces expression of these 
virulence factors.  Reduced transcription of these sigma factors by matric stress may have global 
effects on gene expression by changing the relative competitiveness of the sigma factors for RNA 
polymerase. 
The DNA helicase RuvA (PSPTO3978), DNA gyrase (gyrB, PSPTO0004) and topoisomerase 
(parE subunit B, PSPTO4963) were all repressed by PEG8000 but not NaCl (Figure 12A).  In 
addition three genes involved in cell replication, zipA, ftsZ, and minE (Figure 11B) were repressed as 
well as genes involved in DNA repair (recF, recN, recR), suggesting that matric shock does not cause 
significant DNA damage nor induce significant DNA or cell replication in the time frame studied 
(Figure 11A).   
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Figure 11.  Genes repressed by matric stress but not osmotic stress 
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Identity of genes repressed solely by osmotic upshock 
Very few genes were specifically repressed by NaCl.  They included a transposase (PSPTO2234), 
a ribosomal protein (PSPTO0621), and a transcriptional regulator (PSPTO4793) (Figure 12).  
Although the difference in expression between the NaCl and PEG8000 treatment was significant, 
these differences were quite small (≤ 1.4-fold). 
 
  Figure 12.  Genes repressed by osmotic stress but not matric stress 
Identity of oppositely regulated genes in response to matric versus osmotic upshock 
Several genes were oppositely regulated in response to matric versus osmotic upshock.  These 
genes encode the DNA replication and repair protein RecF (PSPTO0003), the iron-binding protein 
LscA (PSPTO1425), a uridylyltransferase, GlnD, that when activated can indirectly stimulate 
glutamine synthetase (Bueno et al. 1985), the phosphate ABC transporter permease PstS, the MinE 
cell division topology factor, and N-acetylmuramoyl-L-alanine amidase (peptidoglycan amidase, 
PSPTO4634) (Figure 13).  All of these genes, however, showed very low levels of change in response 
to the water stress treatments (<1.6-fold). 
Fo
ld
 R
ep
re
ss
io
n
0
1
2
3
-1 MPa NaCl
-1 MPa PEG8000
0208 0621 1920 2346 3516 4793
fadArpsL
2234
53 
 
 
Figure 13.  Genes that were oppositely regulated in response to matric versus osmotic upshock 
Summary 
This study focused on how Pseudomonas syringae pv. tomato DC3000 responds to matric versus 
osmotic water upshock.  To contrast these two types of water stress we studied transcriptome 
differences in cells exposed to these two forms of water stress, each at -1 MPa, for 15 min.  We found 
that most expression differences were in the level of induction or repression of genes showing similar 
qualitative responses to the stresses.  Many of the induced genes were important in compatible solute 
synthesis and transport and showed a stronger induction in matric-stressed cells than in solute-
stressed cells, indicating that stronger induction of protective compound synthesis and transport 
occurred in response to matric stress.  Our data suggested a possible mechanism for water stress-
induced accumulation of glutamate via increased repression of glutamate-depleting enzymes and 
glutamate- and glutamine-charged tRNAs.  These genes were repressed significantly more by matric 
than osmotic stress, supporting the possiblitliy that P. syringae is more challenged by the matric 
stress.  Additional genes that were more repressed by matric water stress include at least one flagellar 
gene, several porin genes, and genes involved in transport and secretion, indicating that phenotypes 
influenced by the state of the membrane may be more strongly influenced by matric than osmotic 
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stress.  In contrast, osmotically-stressed cells had greater induction of chaperone, protein synthesis, 
and helicase genes, indicating that osmotic stress affects cellular functions including protein synthesis 
and folding.  These differences are consistent with the inability of PEG8000 to permeate the outer 
membrane (OM), thus causing a stress primarily across the OM.  In contrast NaCl is able to permeate 
the OM and thus causes a stress more specifically across the inner membrane, with greater impact on 
cytoplasmic water availability.  Overall these results indicate that matric- and osmotic-stressed cells 
have a shared adaptive mechanism that includes compatible solute synthesis and transport.  The 
stresses differ in the degree of influence on gene induction and repression, with equivalent levels of 
water stress imposed by matric stress having a greater impact on cellular physiology than that 
imposed by osmotic stress.  The location of the immediate impact of these stresses also appears to 
differ based on the functions of the impacted genes, with matric stress affecting functions at the 
cellular membrane and osmotic stress affecting functions within the cytoplasm. 
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Chapter 4. Optimization of Bacterial RNA Extraction from Plants Infected 
with the Foliar Pathogen Pseudomonas syringae 
Introduction 
Knowledge of the bacterial gene expression in a phytopathogen during plant infection provides 
clues to about the conditions and challenges encountered by microorganisms in plants as well as 
about mechanisms of pathogenesis and plant disease resistance.  For bacterial pathogens, gene 
expression patterns that indicate the mechanisms in planta by which the bacteria tolerate 
environmental stresses may help illuminate how the bacteria can survive and overcome plant 
defenses.  Examining this gene expression requires efficient recovery of mRNA from plant-associated 
bacterial cells.   
There are many issues to consider when developing a technique for recovering RNA from 
bacteria in infected plants.  One issue is the possibility of extracting primarily plant RNA, with only a 
low representation of bacterial RNA, if RNA is extracted from homogenized plant tissue.  
Fortunately, extraction techniques for plant RNA versus bacterial RNA are inherently different, as 
plant cells are typically ground in liquid nitrogen to disrupt cells, whereas bacterial cells are exposed 
to the cell wall-degrading enzyme lysozyme, or to a physical disruption method such as bead-beating 
for efficient disruption.  Thus, disruption techniques can be applied that favor bacterial cell lysis.  
Complete disruption is more challenging for bacterial cells that are growing in stationary phase than 
for cells in logarithmic phase, as the stationary-phase cells are more difficult to lyse.  Such growth 
phases could therefore influence the RNA recovery rate from bacteria in infected leaves, particularly 
given the likely differential influence of compatible and incompatible interactions on bacterial 
growth.  Another concern is that bacterial mRNAs are highly unstable, with E. coli having 80% of its 
mRNAs having a half-life of 3 to 8 minutes (Bernstein et al. 2002).  Due to this quick turnover, 
bacterial RNA needs to be stabilized before extraction.  Here we describe the development of a 
protocol for isolating bacterial RNA from infected plant tissue and using that RNA to examine gene 
expression by qRT-PCR. 
Materials and Methods 
Strains and plant inoculation 
Pseudomonas syringae pv. tomato strains DC3000 pPProIce (DC3000 pPI), DC3000 pPProIce-
avrRpm1 (DC3000 pPI-avrRpm1), and DC3000 pPProIce-avrRpt2 (DC3000 pPI-avrRpt2) (originally 
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designated pPI-avrRpt2-2) were used for experimentation.  These strains express a proU-inaZ fusion, 
with the latter strains expressing the effector genes avrRpm1 and avrRpt2, respectively, and were 
constructed as described in Chapter 2.  Bacterial strains were grown on solid King’s B (KB) (King et 
al. 1954) for 48 h at 28 °C, subcultured on K agar (Lindow 1995; Miller et al. 2000) for 48 h at 28 °C, 
then grown in K broth for 16 h at 28 °C with shaking.  To attain 1010 cells/ml for inocula, cells were 
grown in 500 ml of K medium.   
Log-phase bacterial cells were introduced into Arabidopsis thaliana ecotype Col-0 tissues by 
vacuum infiltration of cells suspended in 10 mM MgSO4 with 0.02% Silwet L-77 surfactant (OSi 
Specialties Inc., South Charleston, WV) for 5 min at 20 mmHg.  Vacuum infiltration was used for 
inocula containing 108 cells/ml inocula; whereas syringe infiltration on the abaxial side of the leaf 
was used for inocula containing 109 or 1010 cells/ml.  Plants were used when they were 6-8 weeks old.  
After inoculation, plants were placed in an incubation chamber with a light/dark cycle of 10h/14h at 
24 °C and 50-60% relative humidity (RH). 
RNA isolation 
As controls, we extracted RNA from cultured cells exposed to osmotic stress.  The cells were 
prepared by growing them for 48 h on K agar and then 16 h in K broth.  1 x 108 bacterial cells were 
amended with NaCl to final concentrations of 0, 100, 200, 300, and 400 mM which conferred water 
potentials of 0, -0.5, -0.9, -1.4, and -1.8 MPa, respectively.  Cells were incubated with shaking for 2 h 
before RNA extraction.  We used the Qiagen RNeasy Bacteria Mini Kit (Qiagen, Valencia, CA) for 
isolation of all RNA samples.  Bacterial RNA samples were stabilized with Qiagen BacteriaProtect 
(Qiagen).  RNA preservation reagent and preserved at -80 °C no longer than 4 weeks before RNA 
extraction, as per instructions of kit.   
To extract bacterial RNA from infected plants, we first recovered the bacteria from the plants 
while minimizing the recovery of plant tissue.  To achieve this we performed a manual 
homogenization of various amounts of leaf tissue in 0.2 ml of 10 mM MgSO4 using a pestle (Fisher 
Kontes Pellet Pestle, Fisher Scientific, Pittsburgh, PA) in a microfuge tube and then added 1 ml of 10 
mM MgSO4 before vortexing.  For some samples, this homogenization was followed by the physical 
removal of all visible insoluble plant debris.  Homogenized tissue was diluted with 2 volumes (2.4 
ml) of bacterial RNA stabilization reagent (Qiagen) to minimize bacterial expression changes and 
mRNA degradation.  Samples were centrifuged at 5000x g for 10 min and the supernatant was 
removed before the pellets were placed at -80 °C for storage. 
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Bacteria were disrupted by the addition of 0.2 ml of lysozyme (7 mg/ml) and incubation at 25 °C 
for 7 min.  For some samples, further disruption was promoted by adding 25-50 mg acid-washed 
glass beads (diameter 150-212 µM, Sigma Aldrich, St. Louis, MO) in Qiagen RLT lysis buffer in 2-
ml Eppendorf safe-lock tubes and subjecting them to bead beating with a vortex mixer for 5 min.  
This bead beating further macerated the remaining plant tissue, likely releasing RNases, which were 
subsequently inactivated in the RLT buffer.  For some samples we also subjected the samples to a 
QIAshredder column from the plant RNA isolation protocol (Qiagen) to fragment large 
macromolecules and residual plant debris.  All samples were subjected to an on-column DNase 
treatment to remove contaminating DNA, and some were further treated by adding Turbo DNase (2 
Units) (Ambion, Austin, TX) and incubated 30 min at 25 °C.  RNA concentration and integrity were 
assessed using the Nanodrop ND-1000 spectrophotometer (Thermo Fisher Scientific, Wilmington, 
DE) and Agilent 2100 Bioanalyzer (Agilent Technologies, Waldbronn, Germany), respectively. 
Quantitative reverse-transcriptase PCR (qRT-PCR) 
Two-step qRT-PCR was performed on the resulting RNA samples by first converting 1 µg RNA 
into cDNA using Superscript III and random hexamer primers (Invitrogen, Carlsbad, CA).  2 µl 
diluted cDNA was used per 25 µl qPCR.  The DyNamo HS SYBR Green qPCR Kit (Finnzymes, 
Espoo, Finland) was used for quantification.  Primers used for the assay are described in Table 1.  
PCR efficiency was optimized by pooling samples with identical treatments, diluting, and examining 
consistency of amplification over a range of RNA input concentrations (Gallup and Ackermann 
2006).   One-step qPCR was performed on 5 µl diluted RNA per 25 µl reaction using FullVelocity 
SYBR Green QRT-PCR Master Mix (Stratagene, LaJolla, CA) and primers specific to the inaZ and 
hemD genes. 
Table 1.  Primers used for qRT-PCR 
Primer Gene Locus  Sequence 5'→3' 
hemD-Fw hemD PSPTO_0129 TCAGCAGCAGTCTGCCTTTA 
hemD-Rv hemD PSPTO_0129 GTTGCTGAACCCACACTGAA 
inaZ-Fw inaZ  X03035 GCTATTCCAGCTCGCTCATC 
inaZ-Rv inaZ  X03036 CGGTCAACGTGCTCTCATAA 
We determined the threshold cycle (Ct), or cycle at which the detectable fluorescence increases 
above background, independently for each plate (set of up to 96 samples) that was run, as the Ct is a 
rather relative value rather than absolute value.  Thus, samples for planned comparisons and all 
necessary controls were run simultaneously on a plate.  These controls included samples that lacked 
60 
 
transcript, designated a no transcript control (NTC), or that lacked the reverse transcriptase enzyme, 
designated a no RT control (NRT). 
Results 
Standard inoculation and plant tissue sampling yielded low amounts of bacterial RNA 
We evaluated variations of a previous protocol for the isolation of bacterial RNA from infected 
leaf tissue (Thwaites et al. 2004).  When we harvested seven 5-mm leaf disks from Arabidopsis 
thaliana Col-0 plants infiltrated with approximately 108 cells / ml, manually homogenized the leaf 
tissue, and extracted RNA using the standard bacterial extraction protocol with lysozyme treatment (7 
mg/ml) (Protocol 1), we found that bacterial RNA yields were very low (< 3µg) (Sample types A and 
B, Figure 1) compared with typical in vitro isolation yields (Table 2) and our target level of at least 10 
µg for quantitative RT-PCR expression profiling.  When we examined these samples using 2-step 
qRT-PCR, we found that reverse-transcribed RNA and non-reverse-transcribed threshold cycles (Cts) 
were nearly identical, indicating that most of the amplified product was due to contaminating DNA in 
the samples (data not shown).   
Table 2.  RNA yields from in vitro NaCl-exposed cells 
Osmotic stress Total uga 
0 mM NaCl 22.1 
200 mM NaCl 16.1 
300 mM NaCl 11.8 
a RNA was extracted from 108 cells of DC3000 (pPProIce) using protocol 1 as described in the text 
Increasing inoculum concentration and amount of leaf tissue increased bacterial RNA yield 
Increasing inoculum concentration to109 cells/ml and harvesting 1 leaf did not greatly improve 
RNA yield (Sample Type C, Figure 1).  However, increasing both inoculum concentration and leaf 
mass harvested, along with modifying the protocol, as described below, did result better yields 
(Sample Type D, Figure 1).  To minimize the isolation of plant RNA, samples were ground manually 
and the insoluble plant material was removed before bacterial lysis.  In addition, after the bacterial 
lysis, we subjected the samples to a QIAshredder (Qiagen) column to help fragment and remove large 
macromolecules and residual plant debris.  We designated this Protocol 2.  Although this did not 
greatly increase RNA yield, it did decrease the relative amount of background plant RNA isolated 
from the buffer-infiltrated  controls (Sample Types C and D, Figure 1).  The tissue of young leaves, 
which was primarily used in these studies, was more easily homogenized than that of older leaves. 
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When we compared the experimental logistics and yields of using samples with a large tissue 
mass versus with a high inoculum density, we found that samples with a large tissue mass (8 leaves) 
were difficult to homogenize completely and required greater labor due to the larger number of 
infected plants that needed to be prepared.  Samples with a higher inoculum density but lower tissue 
mass gave similar, or possibly better, RNA yields (Sample type D, Figure 1).  Thus, the optimal 
approach thus far to enable recovering bacterial RNA from infected plants was to inoculate the plants 
with a high cell density of 1010 cells/ml, harvest 2 leaves (approximately 0.25 g of leaf tissue), 
manually homogenize the tissue, and manually remove the insoluble plant material before bacterial 
lysis. 
 
Figure 1.  Total amount of bacterial 
RNA extracted from infected plant 
tissues, after infiltration with P. 
syringae pv. tomato cells at the 
inoculum densities shown (dots).  
Samples without dots represent 
leaves inoculated with only buffer.  
The following sample types were 
evaluated: (A) two samples, each 
comprised of 7 5-mm leaf disks 
from infected leaves (2 x 108 
cells/ml), (B) two samples like (A) 
and one from a leaf infiltrated with buffer, (C) two samples each comprised of one infected leaf (109 
cells/ml) and one buffer-treated leaf, and (D) two samples comprised of 8 infected leaves (109 
cells/ml), two comprised of 2 infected leaves (1010) cells/ml and one comprised of 2 buffer-treated 
leaves.  For each sample type with two infected leaves, the first was inoculated with DC3000 (pPI) 
and the second with DC3000 (pPI-avrRpm1).  All leaves were collected 8 hpi after inoculation.  RNA 
isolation protocols 1 and 2, as defined in the text, were applied to sample types A, B, and C, and D, 
respectively.  Each bar represents an independent sample, and shading indicates when samples were 
isolated at the same time. 
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When we repeated this protocol with leaves sampled at various time points, we obtained RNA 
yields that were lower (8-14 µg) (Figure 2B) than in the first study (15-40 µg) (Sample type E, Figure 
1).  This could be because the leaves were smaller and thus contained fewer bacteria or because the 
bacterial populations were smaller due to earlier sampling times or biological variability.  However, 
RNA yields were reasonably high for the infected plants, and importantly, background levels of plant 
RNA were quite low based on RNA yields from the buffer-treated versus infected leaves (Figure 2B). 
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Figure 2.  RNA yields from tissue samples (2 leaves) infiltrated with approximately 1010 cells/ml of 
DC3000 (pPI), DC3000 (pPI-avrRpm1) or buffer, collected at 0, 4, and 8 hours post inoculation (hpi), 
and not subjected to bead-beating during RNA extraction.   (A) Total number of bacteria in the tissue 
samples used for RNA extraction and (B) Total RNA yield per tissue sample.  Values represent the 
means ± SEM (n=3). 
Introduction of a bead-beating extraction step increased RNA yields 
To assess if we could increase RNA yields further, we subjected the recovered bacteria to bead-
beating with glass beads to help enhance cell lysis, as well as added steps to decrease bacterial DNA 
contamination, including an on-column DNase treatment followed by Turbo RNase-Free DNase 
(Protocol 3).  This protocol resulted in greater RNA yields (Figure 3).  Although these samples were 
from an independent experiment from those shown in Figure 2 and thus are not directly comparable, 
the results suggest that bead-beating improved yields.  This improvement could result from both 
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increased bacterial cell lysis and increased bacterial cell recovery due to a more thorough 
homogenization of plant tissue remaining in the sample. 
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Figure 3.  RNA yield from tissues prepared as described in Figure 2 and samples collected at 8 hpi.  
RNA was extracted using protocol 3, which included bead-beating after the lysozyme digest.    
Bacterial gene transcripts in the RNA recovered from plant tissue were detected and quantified 
using 2-step qRT-PCR 
When a 2-step qRT-PCR reaction was performed in which the RNA was converted to cDNA 
using random hexamers and then amplified for the target genes inaZ and hemD, we obtained Ct 
values indicating successful amplification of the bacterial genes from all of the samples (Figure 4).  
hemD is a chromosomal gene encoding a uroporphyrinogen-III-synthase that functions in porphyrin 
metabolism, whereas inaZ  is part of a plasmid-borne proU-inaZ fusion in which inaZ expression 
reflects gene induction in response to low water potentials.  qPCR reactions performed in the absence 
of reverse transcriptase (RT), designated NRT for no RT, reflected the level of contaminating DNA 
present relative to RNA isolated (Figure 4A).  Lower Ct values for the DC3000 strains expressing 
proU-inaZ and an avirulence gene than for the DC3000 strains expressing only proU-inaZ support 
that bacteria were exposed to lowered apoplastic water potentials during the avirulence gene 
response, as shown previously when proU-inaZ expression was measured based on InaZ protein 
activity (Wright and Beattie 2004).  The Ct differences between the NRT and RT samples were 
usually at least 3 cycles, indicating the presence of far greater cDNA than contaminating genomic 
DNA in the bacterial RNA recovered from infected plants (Figure 4).  The small difference in the Ct 
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values for the NRT versus RT samples for hemD (2-3 cycles) suggested low hemD transcript levels 
(Figure 4A).  The more dramatic differences between the NRT and RT samples for inaZ (3-8 cycles) 
indicated a greater abundance of inaZ transcripts relative to DNA (Figure 4B).  Lastly, co-isolated, 
uninoculated plant tissue exhibited non-specific amplification products after 35 cycles, similar to 
control reactions lacking transcripts (NTCs) (Figure 4).       
 
Figure 4.  Two-step qRT-PCR amplification of the (A) hemD and (B) inaZ genes in bacterial RNA 
from the infected plants collected at 8 hpi shown in Figure 3.  Values are the mean Ct values ± SEM 
(n=3).  NRT, no reverse transcriptase in reaction; RT, reverse transcriptase; NTC, no template 
control. 
To evaluate if non-specific priming interactions interfered with quantification, we examined the 
relationship between the amount of cDNA target and Ct using serially diluted cDNA template.  
Regression analyses indicated good correlation between the amount of target and Cts (Figure 5), and 
showed slope values from -2.9 to -3.4 (Table 2).  A slope of -3.3 indicates perfect doubling within the 
reaction.  These results indicate that the primers were specific to the targets of interest and that, in the 
range of these sample concentrations, PCR inhibitors were not active.  
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Figure 5.  Relationship between the amount of cDNA target and the Ct value derived from two-step 
qRT-PCR for (A) hemD and (B) inaZ transcripts in RNA extracted from DC3000 (pPI)- and DC3000 
(pPI-avrRpm1)-infected plants at 8 hpi as described in Figure 2, and DC3000 (pPI) cells grown in 0 
or 300mM NaCl (Table 1).    
Table 2.  Regressions of the Ct values generated by two step qRT-PCR on an RNA dilution series 
(log(dilution)) 
Strain Treatment 
Eqn for hemD 
data R2 
Eqn for inaZ 
data R2 
DC3000 (pPI) 0 mM NaCl -3.35x + 19.48 0.991 -3.02x + 18.66 0.990 
DC3000 (pPI) 300 mM NaCl -3.05x + 20.70 0.988 -3.04x + 13.15 0.999 
DC3000 (pPI) in planta -3.01x + 23.26 0.999 -3.16x + 19.18 0.998 
DC3000 (pPI-avrRpm1) in planta -2.93x + 23.06 1.000 -3.12x + 16.23 0.998 
Overall, these data indicate that sufficient bacterial RNA can be isolated from infected tissue for 
analysis of gene expression by qRT-PCR.  Furthermore, the RNA preparations appear to be free of 
significant PCR inhibitors and DNA contamination.  Although these data demonstrate efficiency of 
the PCR reactions, they do not address efficiency of the reverse transcriptase (RT) reaction or the 
possible presence of RT inhibitors; this must be evaluated separately from the PCR efficiency in 2-
step qRT-PCR.  In contrast, 1-step qRT-PCR allows for simultaneous optimization of PCR and RT 
reactions, and thus requires less work.   
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1-step qRT-PCR was superior to 2-step qRT-PCR for detecting bacterial gene transcripts in the 
RNA recovered from plant tissue 
When a 1-step qRT-PCR reaction was performed in which the RNA for a target gene was both 
converted to cDNA and amplified by gene-specific primers in a single reaction, the difference in the 
Ct values for the NRT and RT samples was large (Figure 6).  This separation of greater than 12 cycles 
between the NRT and RT samples indicated a high efficiency of target gene amplification.  
Furthermore, regression analyses indicated slope values of -3 to -3.2 for hemD and inaZ as well as for 
two other genes examined, opuC and coaE (Table 3), providing evidence for the absence of PCR and 
RT inhibitors in the bacterial RNA extracted from infected plants.  Based on the significantly greater 
sensitivity for detecting the target transcripts with 1-step qRT-PCR as compared to 2-step qRT-PCR 
(i.e. , a 12-cycle rather than ≤ 8-cycle separation from the Ct values reflecting genomic DNA 
contamination), as well as the ease of simultaneous optimization of both the RT and PCR 
amplification reactions, 1-step qRT-PCR was superior to 2-step qRT-PCR for quantifying bacterial 
transcripts from infected plant tissue.   
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Figure 6.  Relationship between the amount of RNA target and the Ct value derived from 1-step qRT-
PCR for (A) hemD and (B) inaZ for RNA extracted from DC3000 (pPI)-infected plants at 8 hpi, as 
described in Figure 3.  NRT, no reverse transcripase; RT reverse transcriptase.    
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Table 3.  Regressions of the Ct values generated by one step qRT-PCR on an RNA dilution series 
(log(dilution)) 
Gene Eqn R2 
hemD -2.96x + 19.17 1.00 
inaZ -3.19x + 13.41 1.00 
opuC -2.65x + 19.95 0.99 
coaE -2.95x + 17.46 1.00 
Discussion 
A previously described protocol for isolating bacterial mRNA from infected plants (Thwaites et 
al. 2004) resulted in very low bacterial RNA yields.  These yields were similar to the RNA yields that 
we obtained from our buffer-infiltrated tissue samples, and thus were likely comprised primarily of 
plant RNA.  Our initial efforts to recover bacterial RNA resulted in RNA preparations that did not 
have good separation between the Ct values for the NRT and RT qRT-PCR samples, indicating a 
relatively high proportion of the preparation was contaminating bacterial DNA.  We overcame this 
problem by introducing a second DNase treatment into the RNA extraction protocol.  In comparing 
the two-step to the one-step qRT-PCR, we observed a much greater separation of the Ct values for the 
NRT and RT samples using one-step than two-step qRT-PCR.  This difference may reflect that 
random hexamers were used in the two-step qRT-PCR to convert the plant RNA to cDNA, thus 
decreasing the proportional representation of the bacterial cDNAs in the cDNA preparation as well as 
the bacterial cDNA yield.  Although the target specificity of one-step qRT-PCR overcomes this 
problem, minimizing the contaminating plant RNA is optimal.  We achieved this by maximizing the 
recovery and lysis of the bacterial cells. 
We have identified a protocol that is effective at recovering P. syringae RNA from P. syringae-
infected A. thaliana leaves; this RNA has a sufficiently high yield and purity to be effective for 
detecting gene expression by qRT-PCR.  The key features of this protocol, as shown in more detail 
below, are the use of a relatively high inoculum density, thorough homogenization of the plant tissue 
to maximize bacterial release, multiple approaches for disrupting the bacterial cells, and multiple 
steps to reduce DNA contamination.  Perhaps surprisingly, the resulting RNA preparations that we 
obtained were free of inhibitors for both the PCR and RT reactions.  The specific steps of the protocol 
that we developed are: 
(1)  Collect approximately 0.25 g of plant tissue containing at least 108 bacterial cells 
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(2)  Manually homogenize the tissue in 0.2 ml of buffer (e.g. 10 mM MgSO4) 
(3)  Add 1.0 ml of buffer to allow effective vortex mixing of sample before physical removal of 
all visible, insoluble plant debris 
(4)  Add 2.4 ml (2 vol) of bacterial RNA stabilization reagent (Qiagen) 
(5)  Pellet bacterial cells (5000x g for 10 min) and decant supernatant.  Store at -80 °C as needed 
and thaw to room temperature immediately before use. 
(6)  Resuspend cells in 0.2 ml lysozyme (7mg/ml) and incubate 7 min at 25 °C 
(7)  Add approximately 25-50 mg acid-washed glass beads (diameter 150-212 µM) to 0.9 ml total 
of lysozyme-digested cells in Qiagen RLT lysis buffer (200 µl lysozyme-treated cells with 700 µl 
RLT buffer) 
(8)  Mix with a vortex mixer for 5 min 
(9)  Run solution through a QIAshredder column (Qiagen) 
(10)  Extract sample using Qiagen RNeasy Mini kit and on-column DNase (Qiagen) 
(11)  Add Turbo DNase (2 units) (Ambion) and incubate for 30 min at 25 °C 
(12)  Use RNA directly in downstream applications 
We obtained total RNA yields as high as 35 µg per sample.  These yields were sufficiently high 
and pure to quantify gene expression using qRT-PCR, and conceivably are high enough to use for 
microarray studies.  We have demonstrated the effective use of this protocol for examining gene 
expression patterns over time after bacterial infection of plant tissues in these studies and in the 
studies described in Chapter 5. 
  We conclude that enough bacterial inoculum and leaf matter, coupled with separation of 
extraneous plant matter and bacterially-focused RNA extraction techniques to preserve and lyse cells 
results in high bacterial RNA yields which are sufficient for downstream applications such as qRT-
PCR.  
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Chapter 5. Water potential in planta during infection with the plant 
pathogen Pseudomonas syringae  
Introduction 
Pseudomonas syringae pv. tomato strain DC3000 (DC3000) is a foliar pathogen of tomato and 
Arabidopsis thaliana.  Upon invasion, this pathogen injects effector proteins into the plant cell that, if 
recognized by the plant, can activate plant defenses and induce the hypersensitive response (HR).  
This response ultimately restricts the growth of the bacterial populations in the plant.  Previous 
studies found that DC3000 was exposed to conditions of low water availability in plants exhibiting an 
effector-mediated defense response, suggesting that this low water availability may, in fact, be causal 
to the bacterial growth restriction.   
The E. coli proU promoter responds to both the matric and osmotic components of low water 
activity, but not to ion toxicity or oxidative stress (Axtell and Beattie 2002).  In E. coli, this promoter 
functions as part of a high-affinity uptake system for the compatible solute proline (Ramirez and 
Villarejo 1991).  To date, this promoter has been used as a bioreporter of water potential by 
measuring the reporter protein activity levels of proU-reporter gene transcriptional fusions (Axtell 
and Beattie 2002; Wright and Beattie 2004).  proU fusions to gfp, the green fluorescent protein, uidA, 
encoding β-glucuronidase, and inaZ, encoding the ice nucleation protein, have been evaluated for 
their use in planta (Chapter 2, Axtell and Beattie 2002; Wright and Beattie 2004), but only proU-inaZ 
fusions were found to be sufficiently sensitive to detect in planta proU-inaZ expression based on 
protein activity measurements.  The accuracy of even these measurements, however, may not be 
optimal based upon their dependence upon accurate cell counts for normalization of the protein 
activity, and our evidence that either the culturable cell counts underestimate viable cells or that 
nonviable cells harbor residual ice nuclei (Chapter 2).  Thus, in this study we aimed to evaluate proU 
expression in DC3000 cells in planta by directly quantifying proU-inaZ transcript levels using 
quantitative RT-PCR rather than by measuring InaZ-based ice nucleation activity levels.   
The expression of endogenous genes that respond to changes in water potential could also be used 
as an indicator of the water potentials sensed by P. syringae cells during plant infection.  Several 
possible endogenous targets include opuC, asnB, algD, and hrpA.  These targets can be roughly 
divided into those that are known to be osmoresponsive (opuC), those that may be osmoresponsive 
(asnB, algD), and those that are activated in the plant apoplast (hrpA).  Potential water stress-
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responsive endogenous genes include those involved in cellular adaptation to osmotic stress.  
Adaptation of many gram-negative bacterial cells to an osmotic upshift involves taking up K+ ions, 
counterbalancing increased ionic charge with glutamate, and then accumulating compatible solutes by 
de novo synthesis or uptake of osmoprotectant compounds.  Like Pseudomonas aeruginosa, P. 
syringae has been shown to accumulate glutamate, the dipeptide N -acetylglutaminylglutamine amide 
(NAGGN), and trehalose as compatible solutes when exposed to osmotic stress ((D'Souza-Ault et al. 
1993, Chen and Beattie, unpublished data).  In a recent microarray analysis of the transcriptome of 
DC3000 following an osmotic upshift (Chapter 3), the asnB  gene, which is likely involved in 
NAGGN synthesis (Aspedon et al. 2006), was induced, making asnB a good candidate endogenous 
reporter of water stress exposure.  Similarly, the opuC gene of DC3000, which encodes a transporter 
for several osmoprotectant compounds (Chen and Beattie 2007), and algD, which encodes the first 
enzyme in the polysaccharide alginate biosynthesis pathway were found to be osmoinduced (Chapter 
3), making these additional candidates for endogenous reporters of water stress exposure.   
Interestingly the hrpA gene in DC3000, which encodes a protein critical to the Type III secretion 
system that introduces effectors into plant cells, was strongly repressed by an osmotic upshift 
(Chapter 3).  A previous study indicated that hrpA was induced in the leaf apoplast (Boureau et al. 
2002), although the kinetics of this induction in the hours following invasion were not examined.  
hrpA induction in the apoplast is consistent with its role in effector secretion into the plant, since such 
secretion would likely be hindered on the leaf surface due to the leaf cuticle; however, this induction 
may be only transient if the water potential sensed by cells in the apoplast eventually decreases, as 
suggested by studies with proU-inaZ-based bioreporters (Wright and Beattie 2004).  To better 
understand hrpA expression dynamics during the early hours of plant infection, hrpA was included as 
another endogenous gene in the expression analyses preformed in this study.     
The purpose of this study was to examine water availability to the bacterial pathogen P. syringae 
pv. tomato DC3000 cells during A. thalilana infection by monitoring gene transcript levels of proU-
based bioreporters as well as osmoresponsive endogenous P. syringae.  We evaluated expression 
patterns using P. syringae-A. thaliana interactions that varied in strength and kinetics of the plant 
defense response.  We employed both A. thaliana genotype Col-O, which exhibits a more rapid HR in 
response to the P. syringae effector AvrRpm1 than to the effector AvrRpt2, and A. thaliana Col-O 
mutant ndr1-1, which exhibits an exaggerated HR in response to AvrRpm1 and no response to 
AvrRpt2.  Success of this study was premised on the ability to extract mRNA from P. syringae during 
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plant infection and quantify it using qRT-PCR, a technique that we developed and optimized (Chapter 
4).   Here we further refined the use of qRT-PCR for this pathosystem by evaluating two 
normalization genes and several statistical approaches to the in planta gene expression data. 
Materials and Methods 
Bacterial Strains and Media 
P. syringae pv. tomato DC3000 (Moore et al. 1989) containing the pPProIce reporter plasmid 
(designated pPI) (Wright and Beattie 2004), which has a proU-inaZ fusion was used in this study.  In 
addition, DC3000 containing two pPI derivatives were used.  These derivatives, pPI-avrRpm1and 
pPI-avrRpt2 (originally designated pPProIce-avrRpt2-2), were constructed by cloning the avrRpm1 
and avrRpt2 genes into the ClaI site of the pPI plasmid (Chapter 2).  Bacteria were cultivated at 28 °C 
on King’s B medium (King et al. 1954) or on the low-osmolar K medium (Kennedy 1982) amended 
with NaCl to lower the osmotic potential, when necessary.  For in planta tests, cells were grown on K 
agar for 48 hours followed by overnight culture of a single colony in 5 ml of K medium which was 
then subcultured into four 1-L flasks and grown for 16 h.  For in vitro tests, cells were grown on K 
agar for 48 hours followed by overnight culture of a single colony in 5 ml of K medium.   
Plant infection and incubation 
Seeds of A. thaliana ecotype Col-O (Lehle Seeds, Round Rock, TX) or its mutant derivative 
ndr1-1 (Arabidopsis Biological Resource Center, Ohio State University, Columbus, Ohio) were 
grown at 28 °C on a 10 h light / 14h dark cycle and fertilized once a week using Miracle grow.  For 
each of the two A. thaliana lines, Col-O and ndr1-1, approximately 15 leaves were infected for each 
treatment.   The treatments included buffer (10 mM MgSO4), and suspensions of 5 x 109 to 1 x 1010 
cells/ml in 10 mM MgSO4 of the bacterial strains DC3000 (pPI), DC3000 (pPI-avrRpm1), or DC3000 
(pPI-avrRpt2).  Plants were incubated at 24 °C on a 10 h light / 14 h dark schedule.  Infected leaves 
were sampled at 0, 4, 6, and 8 hours post inoculation (hpi), with 2 leaves harvested (approximately 
0.125 g per leaf) for RNA extraction at each of these points.  Four independent plant infection time 
courses were performed.   
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RNA Isolation 
Leaf tissue was manually homogenized in 0.2 ml of 10 mM MgSO4 using a pestle (Fisher Kontes 
Pellet Pestle, Fisher Scientific, Pittsburgh, PA) to liberate bacteria, 1 ml of 10 mM MgSO4 was added, 
and insoluble plant debris was physically removed.  The homogenized tissue was diluted into 2.4 ml 
of RNA stabilization reagent (Qiagen RNAprotect Bacteria Reagent, Qiagen, Valencia, CA) to 
minimize bacterial expression changes and mRNA degradation.  Samples were centrifuged at 5000x g 
as directed by the Qiagen manual and extraneous stabilization reagent was removed.  Stabilized 
samples were frozen at -80 °C until RNA extraction, per instructions of the RNeasy Protect Bacteria 
Mini Kit (Qiagen). 
Bacterial RNA recovery was maximized by disrupting the cells with 7 mg/ml lysozyme for 7 min 
and bead beating with acid-washed glass beads (Sigma, diameter 150-212 µM) in Qiagen RLT lysis 
buffer with a vortex mixer in 2-ml Eppendorf safe-lock tubes for 5 min.  This bead beating also 
macerated the remaining plant tissue.  Large macromolecules and residual plant debris were 
fragmented on a QIAshredder column (Qiagen), and contaminating DNA was removed through on-
column DNase treatment followed by a Turbo DNase treatment (2 Units) (Ambion, Austin, TX), 
which further decreased residual DNA.  RNA concentration and integrity were determined using the 
Nanodrop ND-1000 spectrophotometer (Thermo Fisher Scientific, Wilmington, DE) and Agilent 
2100 Bioanalyzer (Agilent Technologies, Waldbronn, Germany), respectively. 
Selection of qRT-PCR normalization genes  
We examined two sets of transcriptome profiles of DC3000 to identify genes that were expressed 
but exhibited low variance across experimental conditions (Chapter 3).  One data set contained the 
DC3000 genes expressed in the minimal medium ½ 21C in the absence of stress, as well as in 
response to a 15 min upshock with either NaCl or PEG8000 at a water potential of -1 MPa, 1mM 
H2O2 , or 5mM phenol (Chapter 3).  The other data set contained the DC3000 genes expressed in a 
rich medium and in a minimal medium (Tang et al. 2006).   The datasets were combined and the 
variances across all seven treatments were determined; the expression levels of these genes ranged 
from -1.23 to 4.37 in unamended medium with variances ranging from 158 to 76,190,140.  Sixty-one 
genes with relatively low variances were chosen, and from this set five putative normalization genes 
were identified based on moderate levels of expression under all conditions, low variance in 
expression across the 7 treatments, and homology to genes with known or predicted function.  These 
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were coaE, hemD, dnaQ, epd, and folP.  Primers for these genes were designed using Primer 3 
software (Rozen and Skaletsky 2000) and are shown in Table 1.  Primers were tested using samples 
with template cDNA, RNA and no template, and the relationship between Ct value and log(RNA 
dilution) was examined.  If a primer pair amplified a specific product when the target RNA was 
present, even at relatively low dilutions (1:100 or 1:1000) with good Ct separation (e.g., 5 cycles) 
between samples containing the reverse transcriptase (RT positive samples) and the samples without 
RT (NRT samples), as well as amplified non-specific products in the NTC samples only with Ct 
values ≥ 30, then that pair was deemed acceptable for use (Bustin and Nolan 2004).     The primer 
pairs for coaE and hemD amplified these genes with a high efficiency and specificity whereas those 
for dnaQ, epd, and folP formed dimers or exhibited poor specificity.  In particular, the primer pair for 
dnaQ often amplified a non-target product, i.e., a product with a lower melting point than expected, 
when low or no target was available.  Primers for folP were difficult to design due to a predominance 
of sequence areas predicted to interact, as illustrated by the amplification of primer dimers by even 
the best folP primer set even at the highest concentration of template used.  For each primer pair, 
amplification at multiple temperatures was performed to identify the temperature that supported 
maximal amplification and efficiency.  Among the five candidate normalization genes, coaE and 
hemD were relatively highly expressed and were amplified with the highest efficiency and specificity.  
coaE  (PSPTO_0923) encodes dephospho-CoA kinase, which catalyzes the formation of coenzyme A 
by phosphorylating the 3’ hydroxyl group of dephosphocoenzyme A.   This is part of the pantothenate 
and CoA biosynthesis pathway (KEGG database, Ogata et al. 1999).   hemD (PSPTO_0129) encodes 
a uroporphyrinogen-III-synthase, which catalyzes the formation of uroporphyrinogen-III from 
hydroxymethylbilane.  This is part of the porphyrin and chlorophyll metabolism pathway (KEGG 
database, Ogata et al. 1999).  Primers were also made to amplify the ice nucleation gene on pPI 
(Wright and Beattie 2004).  This gene comes from Pseudomonas syringae S203 (Green and Warren 
1985). 
qRT-PCR 
1-step qRT-PCR was performed using FullVelocity SYBR Green QRT-PCR Master Mix 
(Stratagene, LaJolla, CA) which can accommodate 10 pg to 50 ng of total RNA per reaction.  One 
master mix was prepared for each set of up to 96 samples that were run together on a plate.  The 
master mix was divided for addition of specific primers, and the resulting mixture was aliquoted for 
25 µl qRT-PCR reactions.  Five µl of 1:500 or 1:1000 diluted bacterial RNA sample containing 
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approximately 0.2 to 14.2 ng total RNA was added to the qRT-PCR reaction.  Reverse transcription 
was performed at 55 °C to minimize secondary structure and for 30 min to maximize sensitivity of 
detection for lowly expressed genes.  The reverse transcriptase (RT) enzyme was inactivated by a 5 
min incubation at 94 °C.  This was followed by PCR amplification for 40 cycles, using a modified 
protocol of 15 s at 94 °C and 45 s at 58 °C.  Post-amplification, a SYBR green melting curve was 
performed.  Samples were first melted at 94 °C for 1 min and reannealed at 55 °C for 1 min, then the 
temperature was incrementally raised 0.5 °C and held for 10 s; this was repeated from 55 to 94 °C.  
SYBR green fluorescence was measured at the end of every 10 s interval. 
Table 1.  Primers used in this study 
Primer Gene Gene ID Sequence 5'→3' 
algD-Fw algD PSPTO_1243 GGTAGAGCTGGCTGAAATGC 
algD-Rv algD PSPTO_1243 AGGATGATCACGTCGGAGTC 
asnB-Fw asnB PSPTO_1633 GCGAACGTGGCGATGAATTT 
asnB-Rv asnB PSPTO_1633 CAGTCGTGGCTGACCATT   
coaE-Fw coaE PSPTO_0923 CAGCAGGTGCAAATAGAACG 
coaE-Rv coaE PSPTO_0923 CTCCACGCAAAGTAAGGTAAAAGT 
dnaQ-Fw dnaQ PSPTO_3711 ACGTCTATCTGGCGATGACC 
dnaQ-Rv dnaQ PSPTO_3711 TTCCAGCATTTGTACCCACA 
epd-Fw epd PSPTO_0386 TGGCCAGTCTCGAATACCTC 
epd-Rv epd PSPTO_0386 CTGAGCATTCAAGCACCAGA 
folP-Fw folP PSPTO_4496 CGACTCCAGATTCGTTCTCC 
folP-Rv folP PSPTO_4496 ACCTCAGGCGTTGACGTATC 
hemD-Fw hemD PSPTO_0129 TCAGCAGCAGTCTGCCTTTA 
hemD-Rv hemD PSPTO_0129 GTTGCTGAACCCACACTGAA 
hrpA-Fw hrpA PSPTO_4095 GCTGGTACAAGACCGAAAGC 
hrpA-Rv hrpA PSPTO_4095 GGTTGGGCTCAAAGTGGTAA 
opuC-Fw "opuC" PSPTO_4578 CTGTTCTACCTTCAGGCTCA 
opuC-Rv "opuC" PSPTO_4578 GGTGTTGCCAATGTTGAATA  
inaZ-Fw inaZ  X03035 GCTATTCCAGCTCGCTCATC 
inaZ-Rv inaZ  X03036 CGGTCAACGTGCTCTCATAA 
Statistical analysis of qRT-PCR data 
The 2- ΔΔCt method is a relative expression quantification method for qRT-PCR that relies on two 
assumptions: that the RT and PCR enzyme efficiency is 100% and that a constitutively expressed 
normalization gene is present in all of the samples.  PCR efficiency is influenced by the presence of 
inhibitors in the RNA sample itself and the kinetic elements of template-primer interactions, as well 
as by depletion or inactivation of the DNA polymerase or reagents, which likely results in the plateau 
of the PCR reaction  (Gallup and Ackermann 2006; Kainz 2000; VanGuilder et al. 2008).  We 
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evaluated the assumption of constitutive expression of the normalization gene using previous 
transcriptome analyses (Chapter 3).  We evaluated the RT and PCR efficiency by estimating the 
amplification efficiency using a sigmoidal fit of the amplification curves and dilution curve fitting.    
We performed analyses of the ΔCt values, which were the difference in Ct values of the target 
gene and the normalization gene.  For each set of samples showing gene expression in planta, we 
examined expression of the target and normalization gene in K medium without NaCl amendment; 
these values represented our reference samples.  We also performed analyses of the 2- ΔΔCt values, 
where ΔΔCt represented the difference between the ΔCt value of an in planta sample and the ΔCt 
value of the corresponding reference sample.  Lastly, since PCR reaction efficiencies can affect the Ct 
values, we used a sigmoidal-fit efficiency approximation to calculate corrected Ct values, which were 
then used to calculate corrected 2- ΔΔCt values for comparison.  We used the qpcR package of R 
statistical software to fit data to a sigmoidal curve and use that fit to estimate the PCR reaction 
efficiencies, as described previously (Ritz and Spiess 2008).   We generated corrected expression 
values using the formula F0 = Ft / (Emax + 1)Ct (Peirson et al. 2003; Rutledge and Stewart 2008) . 
Two-factor ANOVAs were performed on the ΔCt, 2- ΔΔCt, and corrected 2- ΔΔCt values using SAS 
Proc GLM (SAS Institute Inc., Cary, NC), with strain and time as factors.  Two separate analyses 
were performed, one with the data for each host genotype considered separately and one in which the 
data from the two host genotypes were combined, or pooled.  The expression of the target genes in 
planta was examined using a randomized complete block design with 4 replicate blocks, each with 
two host genotypes and 3 bacterial treatments at each of 4 time points.  The treatment means were 
examined at individual time points using pairwise comparisons (LS Means test) with a multiple 
comparison adjustment using either the Tukey-Kramer or Bonferroni correction.  Tukey-Kramer is a 
conservative adjustment that takes into consideration all possible pairwise comparisons; whereas 
Bonferroni does not adjust the threshold p-value as much because only pre-planned comparisons are 
made.  Pairwise comparisions were made within, but not across, time points.  The expression of a 
target gene in planta was represented by the 2- ΔΔCt value, which indicates the fold expression of the 
target gene in culture or in planta relative to its expression in the reference condition, the low osmolar 
K medium.  Unless otherwise noted, the normalization gene was hemD. 
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Results 
Generation of a standard curve relating proU-inaZ transcript levels in DC3000 to water 
potential  
As predicted based on previous studies with the proU promoter (Axtell and Beattie 2002; Wright 
and Beattie 2004), expression of the proU-inaZ fusion in DC3000 increased with decreasing water 
potential, as illustrated by decreasing values of ∆∆Ct with decreasing water potential (Figure 1).  
Linear regression of the data yielded the equation y = 4.241x + 0.161 (R2 =  0.94).  This curve was 
generated using in vitro experimental data normalized by a concurrently run low-osmolar K medium 
sample. 
This curve demonstrated that the proU-inaZ transcript levels reflected the water potential sensed 
by DC3000 cells down to water potentials at least as low as -1.8 MPa.  In contrast, measurements 
based on reporter protein activity could not accurately quantify proU-inaZ expression levels at water 
potentials of -1.5 MPa and lower (Chapter 2).  Thus, application of qRT-PCR as a detection tool 
expanded the effective range of the transcriptional fusion proU-inaZ as a bioreporter of water 
potential. 
Figure 1.  Response of the proU-inaZ reporter fusion to water potential based on measurements of 
proU-inaZ transcript levels.  DC3000 cells were exposed to K medium amended and unamended with 
various NaCl concentrations for 2 h before RNA extraction.  The Ct values for the inaZ and hemD 
genes generated for the RNA extracted from the NaCl-treated cells (∆Ct) were each normalized to the 
∆Ct values generated from the RNA from the unamended K medium, yielding ∆∆Ct values. 
Expression of proU-inaZ in DC3000 (pPI) and its 
derivatives during plant infection 
RNA from the infected plants was of high enough 
quantity (Figure 2) and quality (Figure 3) to use in qRT-
PCR.  The uninoculated plant tissues yielded little detectable 
RNA (Figure 3) indicating that most of the extracted RNA 
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was of bacterial origin.  Individual sample values are provided in Appendix A.   
Figure 2.  Bacterial RNA yields from infected plants when plant tissue samples were collected at (A) 
0 hpi, (B) 4 hpi, (C) 6 hpi, and (D) 8 hpi.  Plants were infected with DC3000 (pPI), designated 
DC3000; DC3000 (pPI-avrRpm1), designated AvrRpm1; and DC3000 (pPI-avrRpt2), designated 
AvrRpt2.   
 
Figure 3.  Quality analysis of RNA extracted from infected plant tissue at 6 hpi and 8 hpi as analyzed 
by an Agilent 2100 Bioanalyzer.  Lanes 1-4 and 9-12 are ndr1-1 tissue, and lanes 5-8 are Col-O 
tissue.  Lanes 4, 8, and 12 were uninfected buffer treated samples.  Lanes 1, 5, and 9 were treated 
with DC3000 (pPI).  Lanes 2, 6, and 10 were treated with DC3000 (pPI-avrRpm1).  Lanes 3, 7, and 
11 were treated with DC3000 (pPI-avrRpt2).  
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 Expression levels of proU-inaZ at the time of infection (0 hpi) were very close to those in the 
reference medium, K medium, which was expected since the bacterial inocula were prepared in K 
medium (Figure 4A, E).  By 4 hpi, proU-inaZ was induced in all strains after infection of both plant 
genotypes, indicating bacterial exposure to water stress in planta (Figure 4B,C,F,G).  By 4-6 hpi, both 
plant genotypes supported higher levels of inaZ expression in DC3000 (pPI-avrRpm1) than in 
DC3000 (pPI), indicating bacterial exposure to water stress during AvrRpm1-mediated resistance 
than during a compatible interaction.  Expression of inaZ in DC3000 (pPI-avrRpt2) continued to 
increase between 6 and 8 hpi in Col-O, becoming increasingly like the AvrRpm1-containing strain.  
The ndr1-1 mutant plants supported even higher levels of inaZ expression in DC3000 (pPProIce-
avrRpm1) than the Col-O plants did at 8 hpi, but did not induce increased levels of inaZ in DC3000 
(pPI-avrRpt2) (Appendix Tables B7 and B8).    
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Figure 4.  proU-inaZ expression normalized to the hemD gene in Col-O (A-D) or the ndr1-1 mutant 
(E-H).  Samples were collected at 0 hpi (A,E), 4 hpi (B,F), 6 hpi (C,G), and 8hpi (D,H).  inaZ 
transcript levels were expressed relative to DC3000 (pPI) in the basal K medium using 2-ΔΔCt relative 
quantification.  Values shown are mean ± SEM (n=4).  
Full data sets and expression levels are shown in Appendix B.  For illustrative purposes, Table 2 
is included here.  To calculate relative expression, represented by E,  the ΔCt for the target gene in 
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planta was calculated (Ct proU-inaZ - Ct hemD) as well as the ΔCt for the reference (Ct proU-inaZ reference - Ct 
hemD reference).  The difference, ΔΔCt = ((Ct proU-inaZ - Ct hemD)- (Ct proU-inaZ reference - Ct hemD reference)) was 
expressed as 2-ΔΔCt to account for the logarithmic amplification of the PCR product (Pfaffl 2001).  
Samples were normalized to the concurrently run reference gene indicated by the reference code for 
each individual sample.  
In comparisons based on the ΔCt values (Table 3 and Appendix B), the proU-inaZ expression 
levels in DC3000 (pPI) and DC3000 (pPI-avrRpm1) at 6 and 8 hpi in Col-O, and at 6 hpi in ndr1-1 
plants were different (Table 3).  The proU-inaZ expression levels in DC3000 (pPI-avrRpt2) did not 
differ from those of DC3000 (pPI) in Col-O at 6hpi, supporting a slower defense response to AvrRpt2 
than to AvrRpm1.  Although the difference was not significant (Table 3), proU-inaZ was expressed 
more in DC3000 (pPI-avrRpt2) than in DC3000 (pPI) in Col-O at 8hpi (Figure 4H).  The lack of 
statistical significance could be due to an outlier among the DC3000 (pPI) replicates (Appendix Table 
B4); because of the limited number of replicate samples, however, statistical tests did not support 
identifying the outlying point as an outlier.   
In ndr1-1 proU-inaZ expression levels in DC3000 (pPI-avrRpm1) were higher than in DC3000 
(pPI) at 4, 6, and 8 hpi (Figure 4E-G), although surprisingly this difference was not significant at 4 
and 8 hpi when assessed using ΔCt  values (Table 3) or at 4 hpi when assessed using 2-ΔΔCt values 
(Table 4).  Expression levels were similar for DC3000 (pPI) and DC3000 (pPI-avrRpt2) in ndr1-1 as 
expected based upon the lack of hypersensitive response of the ndr1-1 mutant to bacteria expressing 
AvrRpt2 (Century et al. 1995; Century et al. 1997; Shapiro and Zhang 2001).  In contrast proU-inaZ 
expression levels in DC3000 (pPI-avrRpm1) were higher in ndr1-1 than in Col-O at 4, 6, and 8 hpi 
(Figure 4), consistent with the exaggerated HR that ndr1-1 exhibits in response to AvrRpm1 (Century 
et al. 1995).  Results from the pairwise comparisons using Bonferroni LSD tests were comparable to 
those using the Tukey-Kramer LSD test (data not shown).  
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Table 2.  proU-inaZ expression in P. syringae cells recovered from Col-O plants at 6 hpi. 
Strain a 
Reference 
Code b 
Block 
c 
inaZ 
Ct 
hemD 
Ct ΔCt d 
Mean 
ΔCt e   ΔΔCt f 
Fold 
Expression 
Relative to 
Reference (E) d 
Mean 
E h   
Reference C   19.44 20.73 -1.29     0.00 1.00     
Reference F 23.57 23.82 -0.25   0.00 1.00 
                        
DC3000                       
C 1 19.52 23.41 -3.89 -4.77 a -2.60 6.06 18.53 a 
C 2 16.56 22.40 -5.84   -4.55 23.43 
F 3 19.85 24.10 -4.25   -4.00 16.00 
  F 4 18.71 23.80 -5.09     -4.84 28.64     
AvrRpm1                       
C 1 15.15 22.73 -7.58 -7.10 b -6.29 78.25 91.56 b 
C 2 17.61 23.92 -6.31   -5.02 32.45 
F 3 17.86 25.02 -7.16   -6.91 120.26 
  F 4 16.52 23.85 -7.33     -7.08 135.30     
AvrRpt2         
C 1 19.26 24.28 -5.02 -5.19 a -3.73 13.27 29.62 a 
C 2 20.52 24.52 -4.00   -2.71 6.54 
F 3 18.37 24.40 -6.03   -5.78 54.95 
  F 4 20.05 25.75 -5.70     -5.45 43.71     
a DC3000, DC3000 (pPI); AvrRpm1, DC3000 (pPI-avrRpm1); AvrRpt2, DC3000 (pPI-avrRpt2) 
b Reference is DC3000 (pPI) in K medium.  Samples with the same reference code were simultaneously 
subjected to 1-step qRT-PCR 
c Samples with the same block number were collected from the same independent replicate experiment 
d Ct proU-inaZ - Ct hemD   
e Mean ΔCt values.  Values followed by the same letter do not differ significantly (P≤0.10, ANOVA and Tukey 
LSD test) 
f (Ct proU-inaZ - Ct hemD) - (Ct proU-inaZ reference - Ct hemD reference) 
g Relative expression, 2-(ΔΔCt)  
h Mean E values.  Values followed by the same letter do not differ significantly (p≤0.10, ANOVA and Tukey 
LSD Test) 
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Table 3.  P-values for pairwise comparisons among bacterial strains of the ΔCt values a that reflect 
proU-inaZ expression in planta with sampling at the indicated times.  The full set is shown in 
Appendix B. 
      Col-O b       ndr1-1 b   
Time   
DC3000 vs. 
AvrRpm1 c 
DC3000 vs. 
AvrRpt2 c 
AvrRpm1 vs. 
AvrRpt2 c   
DC3000 vs. 
AvrRpm1 c 
DC3000 vs. 
AvrRpt2 c 
AvrRpm1 vs. 
AvrRpt2 c 
0   1.000 0.385 0.298   0.999 0.997 1.000 
4 1.000 1.000 1.000 0.796 1.000 0.664 
6 0.031 0.987 0.098 0.058 0.995 0.022 
8   0.091 0.272 0.981   0.299 0.935 0.040 
a The ΔCt values reflect proU-inaZ expression normalized to hemD expression. 
b Values in bold indicate significant strain differences (p≤ 0.1) by a Tukey-Kramer (LSD) test  
c DC3000, DC3000 (pPI); AvrRpm1, DC3000(pPI-avrRpm1); AvrRpt2, DC3000 (pPI-avrRpt2)  
Table 4.  P-values for pairwise comparisons among bacterial strains of the 2-ΔΔCt expression 
values a that reflect proU-inaZ expression levels in planta with sampling at the indicated times.  The 
full data set is shown in Appendix B. 
    Col-O       ndr1-1   
Time 
DC3000 
vs. 
AvrRpm1 
DC3000 
vs. 
AvrRpt2 
AvrRpm1 
vs. 
AvrRpt2 
DC3000 
vs. 
AvrRpm1 
DC3000 
vs. 
AvrRpt2 
AvrRpm1 
vs. 
AvrRpt2 
0 1.000 0.674 0.790   1.000 1.000 1.000 
4 0.947 1.000 0.985 0.422 1.000 0.387 
6 0.028 0.993 0.076 0.029 0.999 0.016 
8 0.406 0.758 0.987   0.002 1.000 0.001 
a The 2-ΔΔCt values reflect the ratio of proU-inaZ expression normalized to hemD expression in planta and in a 
low osmolarity reference medium. 
b,c Same as in Table 3 
Impact of amplification efficiency on expression estimates  
PCR amplification efficiencies were determined using a 4-parameter sigmoidal curve fitting 
(SCF) model applied to the PCR amplification curve (Rebrikov and Trofimov 2006; Ritz and Spiess 
2008; Rutledge 2004).  This method does not directly calculate efficiency, but it can generate an 
approximation in the log-linear range of amplification.  This model fits the equation FC = (FMax / 1 + 
e-(C-C1/2/k)) + Fb  (Liu and Saint 2002) where C = cycle number, FC = reaction fluorescence at cycle C, 
FMax = maximum reaction fluorescence that indicates cessation of amplification, C1/2 = reaction cycle 
at which fluorescence reaches half of the FMax, k = slope of the curve, Fb = background reaction 
fluorescence.  The second derivative of the maximum of the fitted curve was determined using the 
equation E = F(n)/F(n−1) where n= cycle number at the second derivative maximum (Liu and Saint 
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2002; Ritz and Spiess 2008).  The amplification efficiency of the reactions was approximated based 
on the sigmoidal functions derived for both the accumulation of the target PCR product and the 
difference between the actual accumulation and the predicted accumulation given 100% efficiency 
(Ritz and Spiess 2008).   
The resulting estimated amplification efficiencies of the proU-inaZ and hemD genes in the 
infected plant samples ranged from 1.17 to 1.90, with an outlier at 3.84 (Figures 5B, C and Appendix 
D), with a mean value of 1.70 and 1.67, respectively.  Similarly, the amplification efficiencies of the 
proU-inaZ and hemD genes in the in vitro samples ranged from 1.31 to 1.92 with means of 1.70 and 
1.66, respectively (data not shown).  Since perfect doubling would result in an amplification 
efficiency of 2.0, which is rarely experimentally obtained, these values reflect that the conditions for 
amplification were less than ideal, although not greatly.  The similarity in the range of amplification 
efficiencies for the genes in the samples from cultured cells and from infected leaves provides 
evidence that the leaf samples did not contain significant levels of PCR inhibitors. 
When the amplification efficiencies of the proU-inaZ and hemD genes were compared in the 
same samples, the amplification efficiencies of proU-inaZ were linearly related with those of hemD 
(Figure 5D), although the majority of samples showed an amplification efficiency of only 1.6-1.7 for 
hemD but a wider range of 1.5-1.8 for proU-inaZ.  This similarity in amplification efficiencies for the 
two genes, as supported by the distribution of the ratio of their efficiencies centering around 1 (Figure 
6) suggests that analyses of the efficiency-corrected and uncorrected values should support a similar 
interpretation of the data.  We calculated the fold-expression of the genes with a correction for the 
estimated PCR efficiency for each gene in each sample and found that this analysis indeed gave 
results with similar conclusions as the uncorrected data (Appendix D), with one important exception.    
This was that the proU-inaZ expression was not significantly different in DC3000 (pPI-avrRpm1) 
cells than in DC3000 (pPI) cells in Col-O at 6 hpi (Appendix Table D3).   
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Figure 5.  (A) Cycle versus fluorescence curve for real-time RT-PCR showing the sigmoidal fit of the 
PCR amplification curve.  (B) The distribution of proU-inaZ amplification efficiencies across the 
complete data set (values are provided in Appendix C).  (C) The distribution of hemD amplification 
efficiencies (Appendix C).  (D) The efficiencies of the hemD versus proU-inaZ genes with the 4 h 
samples, which gave the lowest efficiencies, excluded from the figure and regression.   
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Figure 6.  The distribution across the infected tissue samples of the ratio of the amplification 
efficiency for proU-inaZ to the amplification efficiency of hemD for each sample.  (A) The value for 
all of the samples are included.  (B) The values for all of the samples except those outside of the 0.9-
1.1 range are included 
The relative expression ratio, or fold expression, that has been corrected for the amplification 
efficiency (Ec) of each individual gene was determined (Appendix Table D1, Pfaffl 2001).  These 
values, were analyzed by a two-factor ANOVA, similar to the uncorrected fold-expression levels 
(Appendix B and Table 3).  This analysis identified fewer significant differences among treatment 
pairs (Table 5) than did the analysis of the non-efficiency adjusted 2-ΔΔCt values (Table 4).  In 
particular, proU-inaZ expression in DC3000 (pPI-avrRpm1) was similar to DC3000 (pPI) in Col-O at 
all time points.  Thus, adjusting the data to account for differences in amplification efficiency did not 
increase the number of significant differences among the treatment pairs. 
We used a second method to evaluate PCR efficiency, namely a pooled dilution curve method.  
The dilutions were composed of pooled RNA samples from infected tissues, serially diluted and 
amplified by qRT-PCR concurrently with individual RNA samples.  A linear fit was applied to the 
sample dilution versus Ct graph, and the slope was calculated.  The ideal slope, which reflects 
doubling of the PCR product with each cycle, is m = -1/log10 x 2 or -3.32.  Deviation from this slope 
can indicate the presence of PCR inhibitors, primer dimers, or other non-target PCR product 
amplification  (Gallup and Ackermann 2006).  The resulting standard curves for each plate and 
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primer pair showed some variability among plates, but amplification was efficient for most qPCR 
runs (Table 6). 
Table 5.  P-values for pairwise comparisons among bacterial strains of the efficiency-adjusted relative 
expression levels (2-ΔΔCt) values that reflect proU-inaZ expression levels in planta relative to hemD.  
The full data set is shown in Appendix D.   
    Col-O       ndr1-1   
Time 
DC3000 
vs. 
AvrRpm1 
DC3000 
vs. 
AvrRpt2 
AvrRpm1 
vs. 
AvrRpt2 
DC3000 
vs. 
AvrRpm1 
DC3000 
vs. 
AvrRpt2 
AvrRpm1 
vs. 
AvrRpt2 
0 1.000 0.615 0.710   1.000 1.000 1.000 
4 0.939 1.000 0.973 0.192 1.000 0.371 
6 0.122 1.000 0.182 0.025 1.000 0.016 
8 0.520 0.657 1.000   0.018 1.000 0.008 
Table 6.  Amplification efficiency of the inaZ and hemD genes in infected plant tissue on each of the 
independent plates subjected to qRT-PCR  
  inaZ   hemD  
Reference 
Plate 
Slope 
(m) 
Eamp a Eeff b Slope 
(m) 
Eamp a Eeff b 
A -3.35 1.99 0.99 -3.36 1.99 0.99 
B -2.05 3.07 2.07 -2.76 2.3 1.3 
C -3.27 2.02 1.02 -2.74 2.32 1.32 
D -2.31 2.71 1.71 -3.18 2.06 1.06 
E -4.21 1.73 0.73 -3.3 2.01 1.01 
F -2.66 2.37 1.37 -2.83 2.25 1.25 
G -3.47 1.94 0.94 -3.03 2.14 1.14 
H -3.65 1.88 0.88 -4.61 1.65 0.65 
a Exponential amplification (Eamp) = 10-(1/m).  A value of 2 indicates perfect doubling. 
b Amplification efficiency (Eeff) = Eamp-1 
To more directly evaluate if inaZ and hemD were amplified with a similar efficiency, we plotted 
the ΔCt of the dilution series of the pooled samples against the Log(RNA dilution) and performed 
linear regression (y=0.05x + 6.28, R2=0.004) (Figure 7).  A slope of 0 indicates that the target and 
normalization genes were amplified with equal efficiencies (Livak and Schmittgen 2001); thus, inaZ 
and hemD were amplified with quite similar efficiencies. 
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Figure 7.  Relationship of the ΔCt of the dilution series of the pooled RNA samples, in which the 
target gene inaZ and normalization gene hemD were amplified, to the RNA dilution.   
Expression of proU-inaZ normalized to the alternate gene coaE during plant infection  
We evaluated whether use of the gene coaE rather than hemD for normalization influenced the 
results.  Surprisingly, the relative induction values among the strains at 6 and 8 hpi (Figure 8) were 
different than in the hemD-normalized data (Figure 4).  When we analyzed these data using 2-factor 
ANOVA of the ΔCt values and pairwise comparisons using a Tukey-Kramer LSD, we found that 
neither DC3000 (pPI-avrRpm1) nor DC3000 (pPI-avrRpt2) differed significantly from DC3000 (pPI) 
in proU-inaZ expression in Col-O (Figure 8A,B and Table 7), but DC3000 (pPI-avrRpm1) did differ 
from DC3000 (pPI) by 8 hpi in ndr1-1 (Figs 8C,D and Table 7).  These results are generally 
consistent with the results using hemD as a normalization gene, and show that AvrRpm1-expressing 
DC3000 are exposed to greater water stress than DC3000. 
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Figure 8.  proU-inaZ expression normalized to the coaE gene.  (A,B) Col-O.  (C,D) ndr1-1 mutant.  
Samples were collected at 6 hpi (A,C) and 8 hpi (B,D).  inaZ transcript levels were expressed relative 
to the expression in basal K medium control using 2-ΔΔCt relative quantification.  Values shown are 
mean ± SEM (n=4).   
Table 7.  P-values for pairwise comparisons among strains of proU-inaZ expression a normalized to 
coaE 
      Col-O       ndr1-1   
Time   
DC3000 vs. 
AvrRpm1 b 
DC3000 vs. 
AvrRpt2 b 
AvrRpm1 vs. 
AvrRpt2 b   
DC3000 vs. 
AvrRpm1 b 
DC3000 vs. 
AvrRpt2 b 
AvrRpm1 vs. 
AvrRpt2 b 
6   0.769 0.431 0.051   0.281 1.000 0.399 
8   0.489 1.000 0.526   0.051 0.993 0.086 
a Values in bold indicate significant treatment (strain) differences, P<0.1 by a Tukey-Kramer LSD 
b DC3000, DC3000 (pPI); AvrRpm1, DC3000 (pPI-avrRpm1); AvrRpt2, DC3000 (pPI-avrRpt2) 
Expression of the water stress adaptation genes opuC and asnB during plant infection 
Expression of the DC3000 endogenous water stress-responsive genes opuC and asnB were 
examined over an in planta infection timecourse.  OpuC is a transporter for the uptake of the 
osmoprotectants glycine betaine and choline (Chen and Beattie 2007).  AsnB is an asparagine 
synthase, part of the synthesis system for the osmoprotectant NAGGN, which is important in P. 
aeruginosa for osmoprotection (Aspedon et al. 2006).  Both of these genes would likely be 
upregulated in an osmotically stressful environment.  Therefore, if the plant apoplast is a site of water 
stress for bacterial pathogens, then these native genes are likely to be upregulated inside plant tissues.   
opuC and asnB were induced in all of the DC3000 derivatives and in both host genotypes at 6 and 
8 hpi (Figure 9), suggesting that P. syringae is exposed to water stress in both compatible and 
incompatible interactions.  Both genes had higher expression at 6 hpi compared with 8 hpi (Figure 9).  
This contrasts with proU-inaZ expression and likely reflects a difference in the regulation of these 
genes, as proU is distinct in maintaining a high level of expression at low water potential.  Many 
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osmoregulated genes exhibit decreased expression once the cell reaches homeostasis.  Expression 
profiles of opuC and asnB have not been extensively characterized. 
OpuC expression profiles are similar to proU-inaZ expression profiles in indicating that DC3000 
(pPI-avrRpm1) was exposed to lower water potentials than DC3000 (pPI) within at least the first 6 
hpi (Figure 9 A-D), although the difference was statistically significant only in the ndr1-1 genotype 
(Table 8).  In contrast to proU-inaZ, the opuC expression profile suggested that the DC3000 (pPI-
avrRpt2) cells were exposed to similar water potentials as DC3000 (pPI) at 8 hpi in Col-O plants.  
This finding, along with the finding that the asnB gene was not differentially induced among the 
bacterial treatments (Figure 9 E-H and Table 8) may reflect the absence of a dose-dependent response 
of these genes to water potential, as occurs with the proU promoter.  In fact, it was the dose-
dependency of proU expression that led to its selection as a bioreporter of water potential. 
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Figure 9.  opuC and asnB expression levels in bacterial cells in planta relative to in K medium.  All 
strains contain the pPI or derivative pPI-avrRpm1 or pPI-avrRpt2 plasmids.  Values are mean 
expression levels ± SEM (n = 4). 
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Table 8.  P-values for pairwise comparisons among strains of opuC and asnB expression levels in 
infected tissues a 
      Col-O     ndr1-1   
Gene Time 
DC3000 
vs. 
AvrRpm1 
b 
DC3000 
vs. 
AvrRpt2 
b 
AvrRpm1 
vs. 
AvrRpt2 b 
DC3000 
vs. 
AvrRpm1 
b 
DC3000 
vs. 
AvrRpt2 
b 
AvrRpm1 
vs. 
AvrRpt2 b 
opuC 6 0.963 0.090 0.020 0.104 0.901 0.015 
opuC 8 0.338 1.000 0.484 0.345 0.264 0.006 
asnB 6 0.999 0.147 0.264 0.330 1.000 0.357 
asnB 8 1.000 0.955 0.963 0.874 0.999 0.957 
a Values in bold indicate significant treatment (strain) differences, P<0.1 by a Tukey-Kramer LSD 
b DC3000, DC3000 (pPI); AvrRpm1, DC3000 (pPI-avrRpm1); AvrRpt2, DC3000 (pPI-avrRpt2) 
Expression of the pilin-encoding hrpA gene during plant infection 
HrpA is the structural unit of the type III secretion system and is necessary for the translocation of 
bacterial effectors into the plant cell.  This gene was generally expressed at a lower level in planta 
than in K medium at all of the time points examined (Figure 10).  The only significant difference in 
hrpA expression among the strains was observed at 6 hpi in Col-O (Table 9), when hrpA was 
repressed even more in DC3000 (pPI-avrRpt2) than in DC3000 (pPI) and DC3000 (pPI-avrRpm1).  It 
is possible that hrpA expression is a highly transient phenomenon, and that our time course was not 
sufficiently fine to observe this.  It is also possible that the K medium unexpectedly supported high 
level hrpA expression, as been shown for hrp gene expression in several minimal media (Huynh et al. 
1989; Rahme et al. 1992), thus obscuring our ability to detect induction following infection.  Lastly, 
the unusually high stability of the hrpA transcript (Hienonen et al. 2004) suggests that only small 
changes in transcript level, which may be difficult to detect, could result in large changes in protein 
level.    
Expression of the alginate biosynthetic gene algD during plant infection 
Alginate is an important exopolysaccharide of many mucoid bacterial strains, including Pseudomonas 
species.  Recently, alginate has been shown to confer protection against osmotic and other stresses to 
P. syringae (Keith and Bender 1999; Keith et al. 2003; Penaloza-Vazquez et al. 2004) and P. putida 
(Chang et al. 2007; Chang et al. 2009).  algD is the first gene in the alginate biosynthetic cluster of 
DC3000.  It was induced by water limitation imposed by either -1 MPa PEG8000 (3.40-fold) or -1 
MPa NaCl (4.81-fold) in culture (Chapter 3), as well as in response to other environmental signals 
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such as phenol (2.36-fold) (Sandhu and Beattie, unpublished data).  
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Figure 10.  hrpA expression levels in planta relative to in K medium.  Strains and values are as 
described in Figure 9. 
Table 9.  P-values for pairwise comparisons among hrpA expression levels in infected tissues a 
      Col-O       ndr1-1   
Time   
DC3000 vs. 
AvrRpm1 b 
DC3000 vs. 
AvrRpt2 b 
AvrRpm1 vs. 
AvrRpt2 b   
DC3000 vs. 
AvrRpm1 b 
DC3000 vs. 
AvrRpt2 b 
AvrRpm1 vs. 
AvrRpt2 b 
0   0.999 0.961 0.997   1.000 0.873 0.926 
4 1.000 0.583 0.732 0.998 0.777 0.942 
6 0.167 0.000 0.012 0.863 0.986 0.996 
8   0.959 0.266 0.695   0.442 1.000 0.482 
a Values in bold indicate significant treatment (strain) differences, P<0.1 by a Tukey-Kramer LSD 
b DC3000, DC3000 (pPI); AvrRpm1, DC3000 (pPI-avrRpm1); AvrRpt2, DC3000 (pPI-avrRpt2) 
We observed that, like opuC and asnB (Figure 9), algD was induced in all strains in the infected 
plant tissues of both genotypes at all time points (Figure 11).  The patterns of expression, however, 
were not clearly correlated with strain, and thus with the compatibility or incompatibility of the 
bacterial-plant interaction, or with host genotype (Figure 11 and Table 10).  This suggests that 
multiple signals in planta may influence the expression of the algD gene in DC3000.  Also, like 
opuC, the expression of algD decreased in all of the strains between 6 and 8 hpi.   We found that the 
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only significant difference among strains in the expression of algD in the infected plant tissue was 
between DC3000 (pPI) and DC3000 (pPI-avrRpm1) at 6hpi  in Col-O plants (Table 10).    
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 Figure 11.  algD expression levels in planta relative to in K medium, strains and values are as 
described in Figure 9. 
Table 10.  P-values for pairwise comparisons among algD expression levels in infected tissues a 
      Col-O       ndr1-1   
Time   
DC3000 vs. 
AvrRpm1 b 
DC3000 vs. 
AvrRpt2 b 
AvrRpm1 vs. 
AvrRpt2 b   
DC3000 vs. 
AvrRpm1 b 
DC3000 vs. 
AvrRpt2 b 
AvrRpm1 vs. 
AvrRpt2 b 
6   0.058 0.236 0.959   1.000 0.302 0.219 
8   0.909 1.000 0.796   0.657 0.655 1.000 
a Values in bold indicate significant treatment (strain) differences, P<0.1 by a Tukey-Kramer LSD 
b DC3000, DC3000 (pPI); AvrRpm1, DC3000 (pPI-avrRpm1); AvrRpt2, DC3000 (pPI-avrRpt2) 
Discussion 
Previous studies have shown that following plant infection by the phytopathogen P. syringae, the 
bacterial cells rapidly become limited for water, with much greater limitation occurring during 
incompatible interactions than compatible interactions (Wright and Beattie 2004).  Recently, this 
water limitation during an incompatible interaction was suggested to be due to the coupling of 
restricted vascular activity and water loss through the stomata at the site of infection (Freeman and 
Beattie).  Assessing bacterial exposure to low water availability in planta has thus far been done 
based on the activity of reporter proteins expressed under the control of the water stress-regulated 
proU promoter.  As described in Chapter 2, however, the reporter protein activity measurements 
performed thus far may have been affected by the limit of sensitivity of the proU-inaZ-based 
bioreporters in measuring low water potentials and the possible influence of low cell culturability and 
environmental conditions on the water potential estimates.  Here we provide independent 
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confirmation that P. syringae cells are exposed to water limitation following infection of plants, 
including that this limitation is even greater in incompatible interactions than compatible interactions.  
We examined a more fine-scale time-course of water stress exposure than was provided previously, 
demonstrating that exposure to water stress by avirulent bacteria may be greater than for virulent 
bacteria as early as 4 hours after infection and is significantly greater than for virulent bacteria by 6 
hours after infection.  Moreover, the kinetics of the increase in proU-inaZ transcripts were correlated 
with the kinetics of induction of the hypersensitive response (HR) in response to the effectors 
AvrRpm1 and AvrRpt2 (Century et al. 1995; Century et al. 1997; Shapiro and Zhang 2001), and were 
strongly correlated with the severity of the HR in A. thaliana genotypes that varied in their response 
to these effectors.  
 The expression of the water stress-responsive endogenous P. syringae genes was also 
consistent with P. syringae exposure to limited water availability following infection.  The genes 
opuC and asnB are both directly involved in P. syringae adaptation to low water availability, as they 
are used to transport and synthesize osmoprotectants (Chen and Beattie 2007; D'Souza-Ault et al. 
1993).  After the osmoprotectant compounds have accumulated in the cell, the need for expression of 
these genes may be reduced.  This is consistent with our results showing a reduction in opuC and 
asnB expression over time in planta.    
Like opuC and asnB, algD expression also increased following plant infection for all strains in 
both plant genotypes, and showed higher expression at 6 hpi than at 8 hpi.  It is possible that this 
increased production of alginate may aid the pathogen in surviving.  The polysaccharide alginate has 
been linked with resistance to desiccation and toxic molecules, as well as increased epiphytic fitness, 
virulence and bacterial dissemination in planta (Rudolph et al. 1994; Yu et al. 1999).  Unlike proU, 
opuC and asnB, algD transcript levels were completely unrelated to the incompatibility of the P. 
syringae-plant interaction, even in the ndr1-1 host at 6 hpi, when proU, opuC, and asnB in the 
avrRpm1-expressing strain all showed a higher level of expression, and usually a significantly higher 
level of expression, than the non-avrRpm1-expressing strains.  This suggests that algD is likely 
subject to regulation by other cellular or environmental factors.  P. aeruginosa and P. syringae share 
signals to activate alginate transcription, some of which are elevated osmolarity, reactive oxygen 
species (oxidative stress) and heat shock (Keith and Bender 1999; Keith et al. 2003; Laue et al. 2006; 
Wozniak et al. 2003).  Expression of algD and other biosynthetic genes in P. aeruginosa is controlled 
by the sigma factor AlgT (σ22) (Keith and Bender 1999; Schenk et al. 2006).  Recent work by Schenk 
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and colleagues (Schenk et al. 2008) demonstrated that algT but not algD expression was correlated 
with in planta growth and virulence and concluded that the activities of the AlgT sigma factor rather 
than alginate production are important to epiphytic fitness.  The complex regulation of the AlgT-
dependent algD gene may be responsible for differences in expression among the strains.  Like in our 
work, others have observed that algD is induced following plant infection (Keith et al. 2003). 
hrpA, which encodes the structural unit pilin of the bacterial type III pilus, produced fewer 
transcripts during plant infection than during growth in the K basal medium.  Although hrpA was not 
previously known to be expressed in K medium, a recent report showing that hrpA is induced in 
culture amended with plant extracts containing as-yet unidentified low molecular weight compounds 
(Haapalainen et al. 2009) supports the possibility that K medium, an undefined medium that has 
casamino acids, may contain such compounds.  hrpA was also recently shown to be induced in A. 
thaliana leaves following inoculation based on reporter protein measurements of hrpA-reporter gene 
transcriptional fusions (Haapalainen et al. 2009).  Unfortunately, we were unable to find evidence for 
such transcriptional induction because of the high expression in culture.  Moreover, efforts to detect 
the hrpA transcripts may have been challenged further by the possible presence of only low transcript 
levels, based on the unusually long half-life of this transcript  (Hienonen et al. 2004). 
In this study, we successfully used qRT-PCR to measure transcript levels in bacteria recovered 
from infected plants; in doing so, we performed a thorough evaluation of several factors that could 
influence the accuracy of these measurements.  Our approach was to use 1-step qRT-PCR and 
comparative Ct (2-ΔΔCt) analysis in which we used hemD as a normalization gene and evaluated 
expression relative to cells grown in a low osmolar medium.  To identify an appropriate 
normalization gene, we relied on transcriptome profiles available for P. syringae DC3000 under 
several growth conditions.  Ideal normalization genes for qPCR are endogenous housekeeper controls 
that are not affected by experimental conditions.  Single reference genes have been used for qPCR 
(Bustin 2000; Erickson et al. 2007; Suzuki et al. 2000), as have a composite of genes that provide a 
normalization factor based on the geometric mean of the group (Vandesompele et al. 2002).  Many of 
the genes commonly described as housekeeping genes can be regulated under certain conditions 
(Schmittgen and Zakrajsek 2000; Suzuki et al. 2000; Thellin et al. 1999).  Thus, using the 
transcriptome profiles, we identified five candidate P. syringae genes that exhibited relatively strong 
and consistent expression levels across the growth conditions and were predicted to encode known 
products.  We narrowed the candidate list to two genes based on the identification of primers that 
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were sufficiently target specific, as well as verification of the constitutive nature of their expression 
by qRT-PCR.  When used as normalization genes the two selected genes, hemD and coaE, indicated 
qualitatively similar expression patterns; however, the relative levels of target gene expression 
differed.  Unfortunately, although this indicates that a group of housekeeping genes may be superior 
for normalization, the requirement that each of the control genes be simultaneously subjected to the 
qRT-PCR reactions along with the target genes, coupled with the limited number of reactions that can 
be run simultaneously, limits the number of normalization genes that can be evaluated.  This 
limitation is particularly poignant when using SYBR green-based qRT-PCR, which allows only one 
target gene to be amplified per reaction. 
We also evaluated the assumption that the target and control genes were amplified with equal 
efficiencies.  We did this using two methods, sigmoidal curve fitting (SCF), which estimates 
amplification efficiency for each sample based on the curve showing increased product formation, 
and dilution curve estimation, which estimates amplification efficiency based on the change in the Ct 
values as the RNA is diluted.  Whereas we performed the former on each sample, we performed the 
latter on a combined pool of RNA across samples.  The results of the SCF analysis demonstrated that 
although the amplification efficiencies were not always at the ideal level, i.e., 2, for most samples the 
efficiency of the target and control were nearly the same, showing a ratio with an average of 
approximately 1 across all of the samples.  The comparative Ct approach to evaluating gene 
expression requires that the target gene and the normalization gene amplify with a similar efficiency, 
not necessarily the ideal efficiency, thus our data satisfied the assumption of equal efficiency. 
Furthermore, the amplification efficiencies of the individual samples were not too far off from 2 and 
did not differ between the samples from cells from cultures and from infected leaves, demonstrating 
that the leaves did not contribute significant inhibitors of Taq polymerase or reverse transcriptase.  
The pooled dilution curve estimation of amplification efficiency was performed on a per plate basis, 
i.e., a pool of RNA was generated across all of the RNA samples that were simultaneously run on a 
plate and the amplification efficiency of the dilutions of that RNA pool was estimated.  We found that 
the amplification efficiencies were acceptable in all cases, although there was some variability among 
the plates.      
In comparing various types of analyses we evaluated whether we had greater power to detect 
differences when we analyzed the ΔCt values, or the the 2-ΔΔCt values after correcting them for the 
amplification efficiency of the reactions.  We found that the differences in expression among the 
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strains based on the comparisons of the ΔCt values were quite similar, albeit not identical, to the 
differences based on the 2-ΔΔCt values.  Also, the differences in expression among the strains based on 
the comparisons of the 2-ΔΔCt values and the corrected 2-ΔΔCt values were quite similar, regardless of 
the correction factor.  We attribute the similarity among all three analyses to the fact that we had 
fairly robust efficiency of amplification in almost all of the individual sample reactions and in the 
pooled RNA sample reactions. 
In summary, our results illustrate that qRT-PCR can readily be used to estimate transcript levels 
of bacterial genes during infection of leaves.  Based on the apparent lack of inhibitors of the reactions 
involved in 1-step qRT-PCR, such inhibitors do not appear to be a major problem as they often are in 
samples recovered from soil environments.  Although the hemD gene worked well for normalization 
of this P. syringae strain, this gene did not exhibit constitutive expression in P. putida KT2440 
(Nielsen and Halverson, personal communication), indicating that such genes need to be identified 
and evaluated on a strain-by-strain basis.  Assuming that an adequate normalization gene is selected 
and that the amplification efficiency of this gene and the target genes are verified to be similar, our 
results suggest that the simplest analysis, an ANOVA of the ΔCt values without correction for 
sample-to-sample variability in amplification efficiency, would have been fully suitable for detecting 
differences in gene expression given our experimental design.  Moreover, we were able to detect 
expression of bacterial chromosomal genes in RNA suspensions that were diluted 100- to 1,000-fold 
after extraction from only 0.25 g of plant tissue, indicating that a single RNA extraction from plant 
tissue can enable expression analysis of a large number of genes. 
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Appendix A. RNA yields and quality for the infected plant tissue samples  
 
Table A1.  Bacterial RNA isolation yields from infected Arabidopsis thaliana Col-O plants 
  Total µg RNA µg RNA 
Time Strain Rep 1  Rep 2  Rep 3  Rep 4  mean  stdev  
0 DC3000 4.18 9.48 56.80 13.06 20.88 24.22 
 AvrRpm1 11.70 5.75 25.60 12.82 13.97 8.35 
 AvrRpt2 8.83 12.82 39.20 12.63 18.37 14.01 
 No bacteria 3.79 9.70 4.40 3.22 5.28 2.99 
        
4 DC3000 5.35 8.00 39.60 9.88 15.71 16.03 
 AvrRpm1 10.86 10.28 28.80 13.38 15.83 8.75 
 AvrRpt2 5.54 18.63 34.00 8.08 16.56 12.93 
 No bacteria 2.00 3.41 10.80 2.07 4.57 4.20 
        
6 DC3000 5.63 10.71 7.60 11.55 8.87 2.75 
 AvrRpm1 6.34 4.52 3.60 9.14 5.90 2.44 
 AvrRpt2 3.43 11.34 11.60 4.04 7.60 4.47 
 No bacteria 2.44 1.60 2.80 1.34 2.05 0.69 
        
8 DC3000 16.90 19.03 16.80 11.06 15.95 3.42 
 AvrRpm1 6.99 12.13 8.00 11.86 9.74 2.63 
 AvrRpt2 5.58 21.06 10.80 9.40 11.71 6.61 
  No bacteria 2.06 3.58 2.80 4.23 3.17 0.94 
Table A2.  Bacterial RNA isolation yields from infected A. thaliana ndr1-1 plants 
  Total µg RNA µg RNA 
Time Strain Rep 1  Rep 2  Rep 3  Rep 4  mean  stdev  
0 DC3000 4.66 8.19 32.80 9.46 13.78 12.84 
 AvrRpm1 13.05 7.25 23.60 14.46 14.59 6.77 
 AvrRpt2 6.43 8.50 31.60 4.12 12.66 12.75 
 No bacteria 1.89 3.77 6.40 2.40 3.62 2.02 
        
4 DC3000 8.05 4.55 24.80 5.50 10.73 9.50 
 AvrRpm1 4.77 8.35 9.60 7.00 7.43 2.07 
 AvrRpt2 9.26 13.31 36.00 0.95 14.88 14.99 
 No bacteria 2.28 2.32 1.60 1.75 1.99 0.36 
        
6 DC3000 5.62 15.26 16.80 8.98 11.67 5.26 
 AvrRpm1 5.43 2.75 11.20 8.20 6.90 3.63 
 AvrRpt2 6.62 7.04 19.20 4.38 9.31 6.70 
 No bacteria 1.94 4.08 3.20 1.94 2.79 1.05 
        
8 DC3000 14.18 13.02 12.40 . 13.20 0.90 
 AvrRpm1 . 7.34 8.00 5.82 5.29 3.64 
 AvrRpt2 6.94 15.70 12.40 9.41 11.11 3.79 
  No bacteria 1.55 2.50 3.20 3.12 2.59 0.76 
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Table A3.  Bacterial RNA ratio (23S/16S) in RNA isolated from infected A. thaliana Col-O plantsa 
  RNA Ratio 
Time Strain Rep 1  Rep 2  Rep 3  Rep 4  mean  stdev  
0 DC3000 1.1 2.0 1.3 1.4 1.5 0.4 
 AvrRpm1 0.9 1.7 1.2 1.0 1.2 0.4 
 AvrRpt2 1.4 1.4 1.5 0.7 1.3 0.4 
        
4 DC3000 0.8 1.7 1.3 1.0 1.2 0.4 
 AvrRpm1 0.8 1.5 1.2 1.9 1.4 0.5 
 AvrRpt2 0.9 1.6 1.4 0.9 1.2 0.4 
        
6 DC3000 0.9 1.2 1.0 1.8 1.2 0.4 
 AvrRpm1 1.1 1.4 1.1 1.9 1.4 0.4 
 AvrRpt2 1.4 1.4 1.2 0.7 1.2 0.3 
        
8 DC3000 0.8 0.9 1.2 2.0 1.2 0.5 
 AvrRpm1 1.4 1.3 1.1 1.8 1.4 0.3 
  AvrRpt2 1.4 1.4 1.2 0.8 1.2 0.3 
        a The target ratio is 2 for pure bacterial RNA. 
 
 
Table A4.  Bacterial RNA ratio (23S/16S) in RNA isolated from infected A. thaliana ndr1-1 plantsa 
  RNA Ratio 
Time Strain Rep 1  Rep 2  Rep 3  Rep 4  mean  stdev  
0 DC3000 0.8 1.5 1.4 1.3 1.3 0.3 
 AvrRpm1 1.0 2.4 1.3 0.8 1.4 0.7 
 AvrRpt2 0.8 2.1 1.3 1.2 1.4 0.5 
        
4 DC3000 1.2 1.5 1.3 1.5 1.4 0.2 
 AvrRpm1 1.0 0.9 1.2 1.6 1.2 0.3 
 AvrRpt2 0.6 1.4 1.5 0.0 0.9 0.7 
        
6 DC3000 1.0 1.1 1.3 1.2 1.2 0.1 
 AvrRpm1 1.1 0.9 1.3 1.6 1.2 0.3 
 AvrRpt2 1.5 1.3 1.3 0.5 1.2 0.4 
        
8 DC3000 1.0 1.5 1.0 . 1.2 0.3 
 AvrRpm1 1.2 1.5 1.3 1.5 1.4 0.2 
  AvrRpt2 1.5 1.4 1.4 1.1 1.4 0.2 
                   a The target ratio is 2 for pure bacterial RNA. 
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Table A5.  Bacterial RNA Integrity Number for RNA isolated from infected A. thaliana Col-O plantsa 
  RNA Integrity Number 
Time Strain Rep 1  Rep 2  Rep 3  Rep 4  mean  stdev  
0 DC3000 7.3 8.0 8.1 9.1 8.1 0.7 
 AvrRpm1 6.7 7.8 7.4 8.2 7.5 0.6 
 AvrRpt2 7.3 7.8 8.3 7.3 7.7 0.5 
        
4 DC3000 6.9 8.1 8.0 8.1 7.8 0.6 
 AvrRpm1 6.5 7.5 8.0 8.7 7.7 0.9 
 AvrRpt2 7.2 7.8 8.3 8.2 7.9 0.5 
        
6 DC3000 6.8 7.8 8.1 9.4 8.0 1.1 
 AvrRpm1 7.4 7.7 . 9.0 8.0 0.9 
 AvrRpt2 7.3 7.2 8.3 7.4 7.6 0.5 
        
8 DC3000 6.6 6.9 8.7 9.0 7.8 1.2 
 AvrRpm1 7.7 7.4 8.6 9.9 8.4 1.1 
  AvrRpt2 . 8.4 8.4 7.3 8.0 0.6 
                a The target RNA Integrity Number is 10 for pure bacterial RNA. 
 
 
 
 
Table A6.  Bacterial RNA Integrity Number for RNA isolated from infected A. thaliana ndr1-1 
plantsa 
  RNA Integrity Number 
Time Strain Rep 1  Rep 2  Rep 3  Rep 4  mean  stdev  
0 DC3000 7.4 8.9 8.0 8.7 8.3 0.7 
 AvrRpm1 7.2 8.1 8.2 9.3 8.2 0.9 
 AvrRpt2 6.7 8.4 8.5 7.6 7.8 0.8 
        
4 DC3000 7.9 8.7 9.7 . 8.8 0.9 
 AvrRpm1 7.4 6.0 8.9 9.6 8.0 1.6 
 AvrRpt2 5.6 8.3 9.9 . 7.9 2.2 
        
6 DC3000 7.2 7.6 9.0 8.2 8.0 0.8 
 AvrRpm1 7.3 6.9 8.8 7.4 7.6 0.8 
 AvrRpt2 7.2 8.0 9.2 6.0 7.6 1.3 
        
8 DC3000 7.0 7.5 8.2 . 7.6 0.6 
 AvrRpm1 7.5 7.2 8.5 8.9 8.0 0.8 
  AvrRpt2 7.0 7.8 9.1 7.4 7.8 0.9 
          a The target RNA Integrity Number is 10 for pure bacterial RNA. 
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Appendix B. Transcript levels of inaZ and hemD in infected plant tissue as 
assessed using qRT-PCR 
 
Table B1. proU-inaZ expression in infected tissue of A. thaliana Col-O plants sampled at 0 hours 
post-inoculation (hpi) 
a DC3000, DC3000(pPProIce); AvrRpm1, DC3000(pPProIce-avrRpm1); AvrRpt2, 
DC3000(pPProIce-avrRpt2) 
b Reference is DC3000(pPProIce) in K medium.  Samples with the same reference code were 
simultaneously subjected to 1-step qRT-PCR 
c Samples with the same block number were collected from the same independent replicate 
experiment.  
d Ct proU-inaZ - Ct hemD   
e Mean ΔCt values.  Values followed by the same letter do not differ significantly (p≤0.10) when 
evaluated by an ANOVA and a Tukey-Kramer least significant difference test.  
f (Ct proU-inaZ - Ct hemD) - (Ct proU-inaZ reference - Ct hemD reference) 
g Relative expression, 2-(ΔΔCt)  
h Mean relative expression.   Values followed by the same letter do not differ significantly (p≤0.10) 
when evaluated by an ANOVA and a Tukey-Kramer least significant difference test.  
 
Strain a 
Reference 
Code b 
Block 
c 
inaZ 
Ct 
hemD 
Ct ΔCt d 
Mean 
ΔCt e   ΔΔCt f 
Fold 
Expression 
Relative to 
Reference (E) d 
Mean 
E h   
Reference H   21.44 23.58 -2.14     0.00 1.00     
                        
DC3000 H 1 21.55 27.13 -5.58 -3.53 a -3.44 10.85 3.97 a 
 H 2 22.56 25.90 -3.34    -1.20 2.30   
 H 3 19.72 22.38 -2.66    -0.52 1.43   
  H 4 21.54 24.07 -2.53     -0.39 1.31     
            
AvrRpm1 H 1 21.86 25.88 -4.02 -3.70 a -1.88 3.68 3.53 a 
 H 2 25.44 27.68 -2.24    -0.10 1.07   
 H 3 20.63 24.36 -3.73    -1.59 3.01   
  H 4 19.64 24.45 -4.81     -2.67 6.36     
            
AvrRpt2 H 1 23.77 25.66 -1.89 -1.68 a 0.25 0.84 0.83 a 
 H 2 23.01 25.32 -2.31    -0.17 1.13   
 H 3 22.40 22.68 -0.28    1.86 0.28   
 H 4 22.05 24.28 -2.23     -0.09 1.06   
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Table B2. proU-inaZ expression in infected tissue of A. thaliana Col-O plants sampled at 4 hpi 
a Footnotes are as described in Table B1. 
 
 
Table B3. proU-inaZ expression in infected tissue of A. thaliana Col-O plants sampled at 6 hpi 
a Footnotes are as described in Table B1. 
Strain a 
Reference 
Code b 
Block 
c 
inaZ 
Ct 
hemD 
Ct ΔCt d 
Mean 
ΔCt e   ΔΔCt f 
Fold 
Expression 
Relative to 
Reference (E) d 
Mean 
E h   
Reference D   19.63 20.96 -1.33     0.00 1.00     
 G  24.37 24.72 -0.35    0.00 1.00   
DC3000 D 1 . 25.94 . -5.25 a . . 25.25 a 
 D 2 19.65 25.48 -5.83    -4.50 22.63   
  G 3 19.63 23.99 -4.36    -4.01 16.11   
 G 4 18.51 24.07 -5.56     -5.21 37.01   
AvrRpm1 D 1 20.68 25.68 -5.00 -5.32 a -3.67 12.73 41.66 a 
 D 2 20.91 24.91 -4.00    -2.67 6.36   
  G 3 18.60 23.58 -4.98    -4.63 24.76   
 G 4 16.51 23.80 -7.29     -6.94 122.79   
AvrRpt2 D 1 20.89 25.14 -4.25 -5.22 a -2.92 7.57 26.02 a 
 D 2 18.15 23.58 -5.43    -4.10 17.15   
  G 3 18.52 23.70 -5.18    -4.83 28.44   
 G 4 18.89 24.91 -6.02     -5.67 50.91   
Strain a 
Reference 
Code b 
Block 
c 
inaZ 
Ct 
hemD 
Ct ΔCt d 
Mean 
ΔCt e  ΔΔCt f 
Fold Expression 
Relative to 
Reference (E) d 
Mean 
E h  
Reference C   19.44 20.73 -1.29     0.00 1.00   
  F  23.57 23.82 -0.25    0.00 1.00   
DC3000 C 1 19.52 23.41 -3.89 -4.77 a -2.60 6.06 18.53 a 
 C 2 16.56 22.40 -5.84    -4.55 23.43   
  F 3 19.85 24.10 -4.25    -4.00 16.00   
 F 4 18.71 23.80 -5.09     -4.84 28.64     
AvrRpm1 C 1 15.15 22.73 -7.58 -7.10 b -6.29 78.25 91.56 b 
 C 2 17.61 23.92 -6.31    -5.02 32.45   
  F 3 17.86 25.02 -7.16    -6.91 120.26   
 F 4 16.52 23.85 -7.33     -7.08 135.30     
AvrRpt2 C 1 19.26 24.28 -5.02 -5.19 a -3.73 13.27 29.62 a 
 C 2 20.52 24.52 -4.00    -2.71 6.54   
  F 3 18.37 24.40 -6.03    -5.78 54.95   
 F 4 20.05 25.75 -5.70     -5.45 43.71     
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Table B4. proU-inaZ expression in infected tissue of A. thaliana Col-O plants sampled at 8 hpi 
a Footnotes are as described in Table B1. 
 
 
Table B5. proU-inaZ expression in infected tissue of A. thaliana ndr1-1 plants sampled at 0 hpi 
a Footnotes are as described in Table B1. 
 
 
Strain a 
Reference 
Code b 
Block 
c 
inaZ 
Ct 
hemD 
Ct 
ΔCt 
d 
Mean 
ΔCt e  ΔΔCt f 
Fold Expression 
Relative to 
Reference (E) d 
Mean 
E h  
Reference A   17.78 18.79 -1.01     0.00 1.00    
 B  17.51 18.30 -0.79    0.00 1.00   
 E  22.51 23.42 -0.91    0.00 1.00   
DC3000 A 1 18.77 21.66 -2.89 -3.76 a -1.88 3.68 18.19 a 
 B 2 18.16 19.97 -1.81    -1.02 2.03   
  E 3 19.11 22.62 -3.51    -2.60 6.06   
 E 4 17.09 23.93 -6.84     -5.93 60.97     
AvrRpm1 A 1 14.93 21.84 -6.91 -6.63 b -5.90 59.71 56.71 a 
 B 2 16.42 21.95 -5.53    -4.74 26.72   
  E 3 16.45 23.33 -6.88    -5.97 62.68   
 E 4 15.36 22.55 -7.19     -6.28 77.71     
AvrRpt2 A 1 15.56 23.01 -7.45 -5.96 a -6.44 86.82 44.49 a 
 B 2 15.56 22.01 -6.45    -5.66 50.56   
  E 3 19.15 23.20 -4.05    -3.14 8.82   
 E 4 17.54 23.44 -5.90     -4.99 31.78     
Strain a 
Reference 
Code b 
Block 
c 
inaZ 
Ct 
hemD 
Ct 
ΔCt 
d 
Mean 
ΔCt e  ΔΔCt f 
Fold Expression 
Relative to 
Reference (E) d 
Mean 
E h   
Reference H   21.44 23.58 -2.14     0.00 1.00    
DC3000 H 1 22.48 26.63 -4.15 -3.58 a -2.01 4.03 3.15 a 
 H 2 21.53 26.07 -4.54    -2.40 5.28   
  H 3 22.18 25.40 -3.22    -1.08 2.11   
 H 4 22.50 24.90 -2.40     -0.26 1.20     
AvrRpm1 H 1 22.55 25.16 -2.61 -3.25 a -0.47 1.39 2.88 a 
 H 2 23.09 26.15 -3.06    -0.92 1.89   
  H 3 19.94 24.90 -4.96    -2.82 7.06   
 H 4 23.27 25.64 -2.37     -0.23 1.17     
AvrRpt2 H 1 24.94 27.11 -2.17 -3.17 a -0.03 1.02 3.12 a 
 H 2 23.77 25.35 -1.58    0.56 0.68   
  H 3 20.55 24.44 -3.89    -1.75 3.36   
 H 4 21.96 26.99 -5.03     -2.89 7.41     
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Table B6. proU-inaZ expression in infected tissue of A. thaliana ndr1-1 plants sampled at 4 hpi 
a Footnotes are as described in Table B1. 
 
Table B7. proU-inaZ expression in infected tissue of A. thaliana ndr1-1 plants sampled at 6 hpi 
a Footnotes are as described in Table B1. 
Strain a 
Reference 
Code b 
Block 
c 
inaZ 
Ct 
hemD 
Ct ΔCt d 
Mean 
ΔCt e  ΔΔCt f 
Fold 
Expression 
Relative to 
Reference (E) d 
Mean 
E h   
Reference D   19.63 20.96 -1.33     0.00 1.00   
 G  24.37 24.72 -0.35    0.00 1.00   
DC3000 D 1 19.23 24.67 -5.44 -5.19 a -4.11 17.27 21.23 a 
 D 2 19.10 24.79 -5.69    -4.36 20.53   
  G 3 19.08 24.42 -5.34    -4.99 31.78   
 G 4 21.52 25.81 -4.29     -3.94 15.35     
AvrRpm1 D 1 18.99 24.70 -5.71 -6.13 a -4.38 20.82 68.28 a 
 D 2 20.17 24.77 -4.60    -3.27 9.65   
  G 3 18.23 24.61 -6.38    -6.03 65.34   
 G 4 18.21 26.03 -7.82     -7.47 177.29     
AvrRpt2 D 1 20.77 26.07 -5.30 -5.01 a -3.97 15.67 19.59 a 
 D 2 18.85 24.30 -5.45    -4.12 17.39   
  G 3 17.60 23.03 -5.43    -5.08 33.82   
 G 4 24.07 27.94 -3.87     -3.52 11.47     
Strain a 
Reference 
Code b 
Block 
c 
inaZ 
Ct 
hemD 
Ct 
ΔCt 
d 
Mean 
ΔCt e  ΔΔCt f 
Fold 
Expression 
Relative to 
Reference (E) d 
Mean 
E h  
Reference C   19.44 20.73 -1.29     0.00 1.00   
  F  23.57 23.82 -0.25    0.00 1.00   
DC3000 C 1 20.05 23.88 -3.83 -5.37 a -2.54 5.82 37.85 a 
 C 2 18.12 23.24 -5.12    -3.83 14.22   
  F 3 18.19 24.71 -6.52    -6.27 77.17   
 F 4 19.36 25.37 -6.01     -5.76 54.19     
AvrRpm1 C 1 15.70 23.64 -7.94 -7.47 b -6.65 100.43 110.33 b 
 C 2 17.15 25.01 -7.86    -6.57 95.01   
  F 3 17.04 23.39 -6.35    -6.10 68.59   
 F 4 16.25 23.97 -7.72     -7.47 177.29     
AvrRpt2 C 1 20.38 24.84 -4.46 -5.03 a -3.17 9.00 31.05 a 
 C 2 18.38 22.94 -4.56    -3.27 9.65   
  F 3 16.47 23.18 -6.71    -6.46 88.03   
 F 4 22.13 26.51 -4.38     -4.13 17.51     
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Table B8. proU-inaZ expression in infected tissue of A. thaliana ndr1-1 plants sampled at 8 hpi 
a Footnotes are as described in Table B1. 
Strain a 
Reference 
Code b 
Block 
c 
inaZ 
Ct 
hemD 
Ct 
ΔCt 
d 
Mean 
ΔCt e  
ΔΔCt 
f 
Fold 
Expression 
Relative to 
Reference (E) d 
Mean 
E h   
Reference A   17.78 18.79 -1.01     0.00 1.00   
 B  17.51 18.30 -0.79    0.00 1.00   
 E  22.51 23.42 -0.91    0.00 1.00   
DC3000 A 1 17.47 23.89 -6.42 -5.32 ab -5.41 42.52 24.54 a 
 B 2 16.55 21.58 -5.03    -4.24 18.90   
  E 3 19.48 24.00 -4.52    -3.61 12.21   
 E 4 . . .     . .     
AvrRpm1 A 1 14.62 23.00 -8.38 -7.92 a -7.37 165.42 132.17 b 
 B 2 13.98 21.98 -8.00    -7.21 148.06   
  E 3 16.07 23.92 -7.85    -6.94 122.79   
 E 4 17.06 24.50 -7.44     -6.53 92.41     
AvrRpt2 A 1 19.13 22.40 -3.27 -4.60 b -2.26 4.79 22.25 a 
 B 2 15.58 22.24 -6.66    -5.87 58.49   
  E 3 20.38 23.54 -3.16    -2.25 4.76   
 E 4 18.12 23.42 -5.30     -4.39 20.97     
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Appendix C. Amplification efficiencies by sigmoidal approximation 
 
Table C1. Amplification efficiency of bacterial RNA from infected A. thaliana Col-O plants 
   Efficiency    Efficiency 
Time Strain Rep inaZ hemD 
inaZ/ 
hemD Time Strain Rep inaZ hemD 
inaZ/ 
hemD 
0 DC3000 1 1.66 1.68 0.99 4 DC3000 1 3.84 1.68 2.29 
  2 1.67 1.67 1.00   2 1.33 1.69 0.79 
  3 1.69 1.67 1.01   3 1.59 1.66 0.96 
  4 1.68 1.67 1.00   4 1.60 1.66 0.96 
            
 AvrRpm1 1 1.67 1.65 1.01  AvrRpm1 1 1.75 1.69 1.04 
  2 1.66 1.65 1.01   2 1.30 1.69 0.77 
  3 1.66 1.68 0.99   3 1.60 1.66 0.97 
  4 1.65 1.68 0.98   4 1.61 1.66 0.97 
            
 AvrRpt2 1 1.67 1.69 0.99  AvrRpt2 1 1.75 1.17 1.49 
  2 1.68 1.67 1.01   2 1.77 1.69 1.04 
  3 1.68 1.66 1.01   3 1.60 1.65 0.97 
  4 1.68 1.64 1.03   4 1.60 1.66 0.96 
            
6 DC3000 1 1.84 1.79 1.03 8 DC3000 1 1.74 1.68 1.04 
  2 1.87 1.78 1.05   2 1.72 1.69 1.02 
  3 1.60 1.67 0.96   3 1.58 1.67 0.94 
  4 1.55 1.67 0.93   4 1.60 1.69 0.95 
            
 AvrRpm1 1 1.87 1.78 1.05  AvrRpm1 1 1.79 1.68 1.06 
  2 1.87 1.77 1.06   2 1.76 1.69 1.04 
  3 1.60 1.68 0.95   3 1.60 1.67 0.95 
  4 1.60 1.67 0.96   4 1.61 1.65 0.97 
            
 AvrRpt2 1 1.86 1.78 1.04  AvrRpt2 1 1.77 1.68 1.05 
  2 1.86 1.78 1.04   2 1.77 1.69 1.04 
  3 1.60 1.66 0.96   3 1.59 1.66 0.96 
    4 1.60 1.69 0.95     4 1.58 1.64 0.96 
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Table C2. Amplification efficiency of bacterial RNA from infected A. thaliana ndr1-1 plants 
   Efficiency    Efficiency 
Time Strain Rep inaZ hemD 
inaZ/ 
hemD Time Strain Rep inaZ hemD 
inaZ/ 
hemD 
0 DC3000 1 1.67 1.67 1.00 4 DC3000 1 1 1.76 1.23 
  2 1.67 1.66 1.01   2 2 1.77 1.28 
  3 1.68 1.66 1.01   3 3 1.60 1.66 
  4 1.68 1.68 1.00   4 4 1.59 1.67 
            
 AvrRpm1 1 1.68 1.66 1.01  AvrRpm1 1 1 1.65 1.69 
  2 1.67 1.66 1.00   2 2 1.74 1.68 
  3 1.69 1.67 1.01   3 3 1.59 1.66 
  4 1.67 1.68 0.99   4 4 1.59 1.67 
            
 AvrRpt2 1 1.67 1.63 1.02  AvrRpt2 1 1 1.70 . 
  2 1.67 1.63 1.03   2 2 1.65 1.69 
  3 1.68 1.64 1.03   3 3 1.61 1.63 
  4 1.67 1.67 1.00   4 4 1.63 1.73 
            
6 DC3000 1 1.86 1.78 1.05 8 DC3000 1 1 1.74 1.68 
  2 1.88 1.77 1.06   2 2 1.76 1.70 
  3 1.61 1.67 0.96   3 3 1.59 1.67 
  4 1.57 1.67 0.94   4 4 . . 
            
 AvrRpm1 1 1.90 1.79 1.06  AvrRpm1 1 1 1.80 1.69 
  2 1.85 1.80 1.03   2 2 1.78 1.70 
  3 1.60 1.65 0.97   3 3 1.59 1.69 
  4 1.60 1.64 0.97   4 4 1.59 1.67 
            
 AvrRpt2 1 1.83 1.76 1.04  AvrRpt2 1 1 1.72 1.69 
  2 1.87 1.77 1.06   2 2 1.75 1.69 
  3 1.60 1.65 0.97   3 3 1.59 1.69 
    4 1.57 1.71 0.92     4 4 1.59 1.67 
 
 
Table C3. The ratio of the proU-inaZ / hemD efficiencies averaged within a plate 
Reference 
Code Efficiency SD 
A 1.05 0.02 
B 1.04 0.01 
C 1.05 0.02 
D 1.13 0.36 
E 0.95 0.02 
F 0.96 0.02 
G 0.96 0.01 
H 1.02 0.07 
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Appendix D. Comparison of the uncorrected and efficiency-corrected 
expression levels for proU-inaZ in infected plant tissues 
 
Table D1. proU-inaZ expression in infected tissue of A. thaliana Col-O plants sampled at 0 hpi 
Strain a 
Reference 
Code b Block c 
Fold Expression 
Relative to 
Reference (E) d 
Mean 
E e   
Efficiency-corrected Fold 
Expression Relative to 
Reference (Ec) f 
Mean 
Ec e   
Reference H   1.00           
DC3000 H 1 10.85 3.97 a 6.00 2.60 a 
 H 2 2.30    1.86   
 H 3 1.43    1.33   
  H 4 1.31     1.22     
AvrRpm1 H 1 3.68 3.53 a 2.55 2.42 a 
 H 2 1.07    1.01   
 H 3 3.01    2.27   
  H 4 6.36     3.85     
AvrRpt2 H 1 0.84 0.83 a 0.89, 0.85 a 
 H 2 1.13    1.08   
 H 3 0.28    0.39   
  H 4 1.06     1.03     
a DC3000, DC3000(pPProIce); AvrRpm1, DC3000(pPProIce-AvrRpm1); AvrRpt2, DC3000(pPProIce-
AvrRpt2) 
b Reference is DC3000(pPProIce) in K medium.  Samples with the same reference code were simultaneously 
subjected to 1-step qRT-PCR 
c Samples with the same block number were collected from the same independent replicate experiment.  
d E, Relative expression (2-(ΔΔCt))   
e Values followed by the same letter do not differ significantly (p≤0.10) when evaluated by an ANOVA and a 
Tukey-Kramer least significant difference test. 
f Ec, Relative expression after correction for amplification efficiency ((ErefCt(sample) / EtargetCt(sample)) / 
(ErefCt(control) / EtargetCt(control))). 
 
112 
 
Table D2. proU-inaZ expression in infected tissue of A. thaliana Col-O plants sampled at 4 hpi 
Strain a 
Reference 
Code b Block c 
Fold Expression 
Relative to 
Reference (E) d 
Mean E 
e  
Efficiency-corrected 
Fold Expression 
Relative to Reference 
(Ec) f 
Mean 
Ec e   
Reference D   1.00      
Reference G  1.00           
DC3000 D 1 . 25.25 a . 9.34 a 
 D 2 22.63    10.67   
 G 3 16.11    6.20   
  G 4 37.01     11.15     
AvrRpm1 D 1 12.73 41.66 a 6.59 11.71 a 
 D 2 6.36    5.65   
 G 3 24.76    8.49   
  G 4 122.79     26.12     
AvrRpt2 D 1 7.57 26.02 a 0.96 8.55 a 
 D 2 17.15    9.26   
 G 3 28.44    9.41   
  G 4 50.91     14.56     
a Footnotes as shown in Table D1. 
 
Table D3. proU-inaZ expression in infected tissue of A. thaliana Col-O plants sampled at 6 hpi 
Strain a 
Reference 
Code b Block c 
Fold Expression 
Relative to 
Reference (E) d 
Mean 
E e  
Efficiency-corrected Fold 
Expression Relative to 
Reference (Ec) f 
Mean 
Ec e   
Reference C   1.00      
Reference F  1.00           
DC3000 C 1 6.06 18.53 a 4.54 8.84 a 
 C 2 23.43    15.93   
 F 3 16.00    6.58   
  F 4 28.64     8.30     
AvrRpm1 C 1 78.25 91.56 b 46.58 30.39 a 
 C 2 32.45    19.60   
 F 3 120.26    27.19   
  F 4 135.30     28.20     
AvrRpt2 C 1 13.27 29.62 a 8.67 10.72 a 
 C 2 6.54    4.59   
 F 3 54.95    15.32   
 F 4 43.71     14.31     
a Footnotes as shown in Table D1. 
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Table D4. proU-inaZ expression in infected tissue of A. thaliana Col-O plants sampled at 8 hpi 
Strain a 
Reference 
Code b Block c 
Fold Expression 
Relative to 
Reference (E) d 
Mean 
E e  
Efficiency-corrected Fold 
Expression Relative to 
Reference (Ec) f 
Mean 
Ec e   
Reference A   1.00      
Reference B  1.00      
Reference E  1.00           
DC3000 A 1 3.68 18.19 a 2.57 6.00 a 
 B 2 2.03    1.69   
 E 3 6.06    3.13   
  E 4 60.97     16.61     
AvrRpm1 A 1 59.71 56.71 a 25.78 18.44 a 
 B 2 26.72    12.48   
 E 3 62.68    16.27   
  E 4 77.71     19.23    
AvrRpt2 A 1 86.82 44.49 a 31.66 16.78 a 
 B 2 50.56    21.39   
 E 3 8.82    4.28   
 E 4 31.78     9.77     
a Footnotes as shown in Table D1. 
 
Table D5. proU-inaZ expression in infected tissue of A. thaliana ndr1-1 plants sampled at 0 hpi 
Strain a 
Reference 
Code b Block c 
Fold Expression 
Relative to 
Reference (E) d 
Mean 
E e  
Efficiency-corrected 
Fold Expression 
Relative to Reference 
(Ec) f 
Mean 
Ec e  
Reference H   1.00      
DC3000 H 1 4.03 3.15 a 2.82 2.26 a 
 H 2 5.28    3.35   
 H 3 2.11    1.72   
  H 4 1.20     1.14     
AvrRpm1 H 1 1.39 2.88 a 1.26 2.08 a 
 H 2 1.89    1.59   
 H 3 7.06    4.32   
  H 4 1.17     1.14     
AvrRpt2 H 1 1.02 3.12 a 0.94 2.12 a 
 H 2 0.68    0.72   
 H 3 3.36    2.43   
  H 4 7.41     4.39     
a Footnotes as shown in Table D1. 
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Table D6. proU-inaZ expression in infected tissue of A. thaliana ndr1-1 plants sampled at 4 hpi 
Strain a 
Reference 
Code b Block c 
Fold Expression 
Relative to 
Reference (E) d 
Mean 
E e   
Efficiency-corrected Fold 
Expression Relative to 
Reference (Ec) f 
Mean 
Ec e   
Reference D   1.00      
Reference G  1.00      
DC3000 D 1 17.27 21.23 a 2.67 5.76 a 
 D 2 20.53    3.44   
 G 3 31.78    10.35   
  G 4 15.35     6.57     
AvrRpm1 D 1 20.82 68.28 a 9.90 16.45 a 
 D 2 9.65    5.31   
 G 3 65.34    16.48   
  G 4 177.29     34.11     
AvrRpt2 D 1 15.67 19.59 a . 8.72 a 
 D 2 17.39    8.55   
 G 3 33.82    10.88   
 G 4 11.47     6.73     
a Footnotes as shown in Table D1. 
 
Table D7. proU-inaZ expression in infected tissue of A. thaliana ndr1-1 plants sampled at 6 hpi 
Strain a 
Reference 
Code b Block c 
Fold Expression 
Relative to 
Reference (E) d 
Mean 
E e  
Efficiency-corrected Fold 
Expression Relative to 
Reference (Ec) f 
Mean 
Ec e   
Reference C   1.00      
Reference F  1.00      
DC3000 C 1 5.82 37.85 a 4.19  a 
 C 2 14.22    9.65   
 F 3 77.17    20.17   
  F 4 54.19     14.80     
AvrRpm1 C 1 100.43 110.33 b 59.81  b 
 C 2 95.01    51.41   
 F 3 68.59    17.38   
  F 4 177.29     33.56     
AvrRpt2 C 1 9.00 31.05 a 5.84  a 
 C 2 9.65    6.91   
 F 3 88.03    20.65   
 F 4 17.51     8.08     
a Footnotes as shown in Table D1. 
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Table D8. proU-inaZ expression in infected tissue of A. thaliana ndr1-1 plants sampled at 8 hpi 
Strain a 
Reference 
Code b Block c 
Fold Expression 
Relative to 
Reference (E) d 
Mean 
E e  
Efficiency-corrected Fold 
Expression Relative to 
Reference (Ec) f 
Mean 
Ec e  
Reference A   1.00      
Reference B  1.00      
Reference E  1.00      
DC3000 A 1 42.52 24.54 a 16.85 10.75 a 
 B 2 18.90    9.89   
 E 3 12.21    5.52   
  E 4 .           
AvrRpm1 A 1 165.42 132.17 b 57.83 39.61 b 
 B 2 148.06    53.21   
 E 3 122.79    25.65   
  E 4 92.41     21.75     
AvrRpt2 A 1 4.79 22.25 a 3.16 9.17 a 
 B 2 58.49    23.10   
 E 3 4.76    2.86   
 E 4 20.97     7.56     
a Footnotes as shown in Table D1. 
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Appendix E. p-values for the two-factor ANOVAs performed on individual 
Ct values and ΔCt values after averaging the values for a bacterial strain 
across the two plant ecotypes inoculated with that strain  
 
Table E1: Strain and block effects on inaZ and hemD expression 
Time Target Gene 
ANOVA  
p-valuea 
Strain  
p-valueb 
Block  
p-valuec 
0 Ct inaZ 0.1143 0.2668 0.0260 
 Ct hemD 0.0199 0.8190 0.0041 
  ΔCt 0.5445 0.1887 0.9000 
4 Ct inaZ 0.8408 0.7117 0.5573 
 Ct hemD 0.2198 0.9625 0.0525 
  ΔCt 0.7959 0.4700 0.6610 
6 Ct inaZ 0.1025 0.0050 0.7421 
 Ct hemD 0.2852 0.2931 0.1499 
  ΔCt 0.0091 0.0003 0.5187 
8 Ct inaZ 0.0049 0.0017 0.0164 
 Ct hemD 0.0011 0.8544 0.0002 
  ΔCt 0.0246 0.0064 0.3776 
a p-value for two-factor ANOVA 
b p-value for strain effect on gene expression 
c p-value for block effect on gene expression 
 
Table E2: Strain and block effects on inaZ and coaE expression 
Time Target Gene 
ANOVA  
p-valuea 
Strain  
p-valueb 
Block  
p-valuec 
6 Ct inaZ 0.0193 0.0196 0.0111 
 Ct coaE 0.3450 0.8137 0.0668 
  ΔCt 0.0193 0.0068 0.0397 
8 Ct inaZ 0.0128 0.0089 0.0169 
 Ct coaE 0.7986 0.4927 0.6601 
  ΔCt 0.0051 0.0042 0.0092 
a Footnotes are as in Table E1. 
 
Table E3: Strain and block effects on algD and hemD expression 
Time Target Gene 
ANOVA p-
valuea 
Strain p-
valueb 
Block p-
valuec 
6 Ct algD 0.0074 0.2469 0.0010 
 Ct hemD 0.0009 0.5759 <.0001 
  ΔCt 0.0216 0.0184 0.4745 
8 Ct algD 0.1912 0.0216 0.9348 
 Ct hemD 0.0020 0.0012 0.0050 
  ΔCt 0.2496 0.2542 0.1814 
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a Footnotes are as in Table E1. 
 
 
Table E4: Strain and block effects on asnB and hemD expression 
Time Target Gene 
ANOVA  
p-valuea 
Strain  
p-valueb 
Block  
p-valuec 
6 Ct asnB 0.0335 0.4857 0.0056 
 Ct hemD 0.0009 0.5759 <.0001 
  ΔCt 0.0238 0.0253 0.0470 
8 Ct asnB 0.0121 0.2879 0.0030 
 Ct hemD 0.0020 0.0010 0.0044 
  ΔCt 0.1678 0.5138 0.1293 
a Footnotes are as in Table E1. 
 
 
Table E5: Strain and block effects on opuC and hemD expression 
Time Target Gene 
ANOVA  
p-valuea 
Strain  
p-valueb 
Block  
p-valuec 
6 Ct opuC 0.0098 0.1268 0.0012 
 Ct hemD 0.0009 0.5759 <.0001 
  ΔCt <.0001 0.0003 <.0001 
8 Ct opuC 0.0230 0.9964 0.0036 
 Ct hemD 0.0020 0.0012 0.0012 
  ΔCt 0.0074 0.0025 0.1553 
a Footnotes are as in Table E1. 
 
 
Table  E6: Strain and block effects on hrpA and hemD expression 
Time Target Gene 
ANOVA  
p-valuea 
Strain  
p-valueb 
Block  
p-valuec 
0 Ct hrpA 0.2577 0.9816 0.0605 
 Ct hemD 0.0035 0.8785 0.0008 
  ΔCt 0.3356 0.9411 0.1521 
4 Ct hrpA 0.2031 0.9259 0.0314 
 Ct hemD 0.0897 0.6513 0.0148 
  ΔCt 0.4962 0.1245 0.4805 
6 Ct hrpA 0.0004 0.1311 <.0001 
 Ct hemD 0.0009 0.5759 <.0001 
  ΔCt 0.0002 0.0021 0.0652 
8 Ct hrpA 0.2598 0.3202 0.2059 
 Ct hemD 0.0020 0.0010 0.0044 
  ΔCt 0.0172 0.0995 0.1289 
a Footnotes are as in Table E1. 
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Appendix F. Efficiency-corrected ANOVA of proU-inaZ expression relative 
to hemD expression 
 
Table F:  Efficiency-corrected proU-inaZ expression 
Time 
ANOVA p-
valuea Strain p-valueb Block p-valuec 
0 0.8351 0.4527 0.8405 
4 0.0761 0.1035 0.0290 
6 0.0144 0.0004 0.9178 
8 0.0074 0.0032 0.1367 
 
 
